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光波長多重および光時分割システムのための信号形式変換におけるパルス可変性に関する
研究 
 
ガズィ モハマド シャリフ 
 
概要 
 
光波長多重システムと光時分割多重システム間の信号のやり取りに際して不可欠な光信号
の波形及び形式変換機能において、光信号波形のパルス幅の可変性は重要な役割を果たす。
本論文においては、そのような可変性に不可欠な光パルス幅変換機能を実現するために、半
導体光増幅器や高非線形光ファイバを用いるいくつかの手法を提案し、これらに関する研
究成果をまとめている。まず、位相変調信号である NRZ-DPSK(non-return-to-zero 
differential phase-shift keying)信号から RZ(return-to-zero)-DPSK信号への光信号波形変 
換を半導体光増幅器を用いた光回路で実現し、変換後の光パルス幅を 30 ps から 60 ps の
間で可変出来ることを実証している。次に、強度変調信号としてNRZ信号から RZ信号へ
の光波形変換を信号の偏波に無依存で行う手法を光ファイバ中のラマン散乱を用いて実現
し、変換後の光パルス幅を 2 ps から 10 psの間で可変出来ること明らかにしている。さら
に、光ファイバ中のラマン散乱を用いることで、RZ(return-to-zero)-DPSKのパルス幅と波
長を同時に変換することを試み、波長変換後の光パルス幅を 3 psから 10 ps の間で可変出
来ることを明らかにしている。 
最後に、本研究で得られた成果をまとめるとともに、今後の課題について述べている。 
Abstract
Due to the rapid growth of information technology, the requirements of huge tracs are acceler-
ated day by day. The challenges for increased demands and changeable situations are becoming
vital for the future photonic networks as well. Noteworthy developments such as growing capac-
ity, tunability and flexibility, smooth and reliable connections among dierent networks, etc. are
necessary for the diverse conditions. Wavelength division multiplexing (WDM) and optical time
division multiplexing (OTDM) systems are desired multiplexing systems for the future higher
capacity transmission networks. However, all modulation formats are not very desirable for the
both systems. Some modulation formats are suitable for WDM systems and some formats are
suitable for OTDM systems. As an example, the non-return-to-zero (NRZ) format is widely
used in WDM systems and the return-to-zero (RZ) format is popularly employed in OTDM
systems. As in real deployment, the WDM and OTDM systems are interfaced each other, for-
mat conversions and signal-transferring among the systems are needed to avoid the bottleneck
of optical-electronic-optical (O-E-O) conversions in photonic networks. Therefore, NRZ-to-RZ
format conversion becomes very important for interfacing between WDM and OTDM systems.
However, when multichannel WDM signals propagate, the nonlinear eects become severe and
these eects deteriorate the quality of signals. For that reason, the NRZ-dierential phase shift
keying (NRZ-DPSK) format is considered as a good candidate forWDM systems by avoiding the
large nonlinearities for on-o-keying (OOK) formats. On the other hand, RZ-DPSK format is a
promising modulation format for multiplexing in time domain like DPSK-OTDM systems owing
to its narrower pulsewidth. The RZ-DPSK signal has better receiver sensitivity and nonlinear tol-
erance than those for NRZ-DPSK signal. Thus, NRZ-DPSK to RZ-DPSK format conversion can
play great roles for the combination of WDM and OTDM systems. On top of that, wavelength
conversion is a key technique in optical signal processing to optimize the network performance
mitigating the network congestion without extra network paths or packet buering. On the other
hand, wavelength-shift-free procedure is also essential during format conversion to maintain the
desired original wavelength unless wavelength conversion is necessary.
In addition, though the high-bit-rate signals are desired, these have less dispersion tolerance
than the low-bit-rate signals and the channels in WDM systems have signal degrading eects
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owing to nonlinear and dispersion eects. It is well known that, the nonlinearity and dispersion
tolerance mostly depend on pulsewidths. Therefore, the performances of transmission systems
are significantly aected by the pulsewidths of the signals. To solve the obstacles of dierent
situations, changing the parameters of the systems is not feasible. Hence, a good solution may
be the pulsewidth tunability. Moreover, the bit-rate of a transmission system determines how
speed the data is transferred and it varies from networks to networks. For example, the bit-rate
for long-haul core networks must be higher than for the access networks. Thus, the importance
of pulsewidth management or tunability comes here. Moreover, in OTDM systems, the required
pulsewidth is determined by its bit-rate. Thus, to apply to the OTDM systems with an arbitrary
bit-rate, the pulsewidth is needed to be tuned within a wider operating range. Therefore, study-
ing the pulsewidth tunability during the format and wavelength conversions seems to be very
interesting as pulsewidth tunability plays important roles for the optimum transmission systems.
This thesis presents the pulsewidth tunable operations during the format and wavelength
conversions of OOK and DPSK signals. The nonlinearity is usually considered as an impair-
ment factor as it degrades the quality of transmission systems. However, many applications are
performed in optical signal processing using the nonlinear phenomena. The format and wave-
length conversions in this thesis are demonstrated using the nonlinear eects; self-phase modu-
lation (SPM), cross-phase modulation (XPM), cross-gain modulation (XGM), four wave mixing
(FWM), and stimulated Raman scattering (SRS) in semiconductor optical amplifier (SOA) and
highly-nonlinear fiber (HNLF).
In the first part, NRZ-DPSK to RZ-DPSK format conversion with wavelength-shift-free and
pulsewidth tunable operations is established. The format conversion with pulsewidth tunability
is achieved by using an SOA-based switch. An NRZ-DPSK signal is injected into the SOA-based
switch with an RZ clock and is converted to RZ-DPSK signal due to the nonlinear eects caused
by the RZ clock inside the SOA. In this scheme, the wavelength of the converted RZ-DPSK
signal is maintained as the original wavelength of the input NRZ-DPSK signal during the format
conversion. Moreover, the pulsewidth of the converted signal is tunable in a wider operating
range from 30 to 60 ps. The format conversion with pulsewidth tunability is based on XPM and
XGM eects in the SOA.
Secondly, the polarization-insensitive NRZ-OOK-to-pulsewidth tunable RZ-OOK signal con-
version using a Raman amplifier (RA)-based pulse compressor and a fiber-based NRZ-OOK to-
RZ-OOK converter is demonstrated where the converter consists of a polarization diversity loop.
Because of the rapid change in polarization of signals with the time and distance, polarization-
insensitive operation in optical transmission system is required. The format conversion is done
using FWM eects in the fiber and the pulsewidth of the converted RZ-OOK signal is tuned
from 10 to 2 ps by changing the Raman pump power of the RA-based pulse compressor. The
ii
converted signal with short-pulsewidth is suitable for high-speed OTDM systems.
Finally, the third part is dedicated on the demonstration of wavelength conversion for RZ-
DPSK signal with the pulsewidth tunable operation by using an RA-based ultra-short pulse com-
pressor and a HNLF-based FWM switch. The wavelength of the input RZ-DPSK signal is con-
verted to new wavelengths due to the FWM eect in HNLF. On the other hand, the pulsewidth
of the wavelength converted RZ-DPSK signal is tuned from 10 to 3 ps by using the ultra-short
pulse source based on RA-based pulse compression.
iii
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Chapter 1
Introduction
Nowadays, the requirements of high-speed photonic networks are growing as the users and de-
mand of large number of tracs are increasing day by day. Managing the increased demands of
tracs and dierent situations, the significant expansions are needed for the future photonic sys-
tems to optimize the network performance. As pulsewidths of the signals are important factors
for the transmission performance, study the pulsewidth tunability in optical signal processing
based on dierent conditions can be fruitful to manage improving the photonic networks. This
chapter introduces fiber optic network architecture, optical multiplexing systems, literature re-
view and motivation, objectives and significance of the thesis and finally the structure of the
thesis.
1.1 Fiber Optic Network Architecture
Today’s communication networks all over the world are largely covered by fiber optic trans-
mission systems. The network is huge, complicated and maintained by dierent carriers from
diverse places all over the world. In wide-ranging, the networks can be divided into three coat-
ings: long haul backbone networks, metropolitan networks, and last mile access networks [1].
Figure 1.1 shows the architecture of fiber optic networks.
Though most of the networks are covered by fiber transmission, the access networks are
mainly built using coaxial or twisted pair cable. The end users, who are the final users of the
communication services, use comparatively lower speed signals in access networks. The signals
from the end users are multiplexed to higher speed signals to cope with high speed networks.
The bandwidth for end user is limited, hence, Fiber-to-the-X (FTTX) is used to increase the
bandwidth, where X is meant for home, street, building, etc. [2–6].
1
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Long haul 
backbone 
networks
Metropolitan
networks
Access
networks
end-users
Figure 1.1 Network architecture.
The access networks are connected through a large computer network that is usually designed
to extend over an entire city or a large campus. This kind of large network is metropolitan area
network (MAN). It can be single network like cable television (CATV) network or connecting a
number of local area networks (LANs). As an example, the MAN can be used in an organization
for the connection between all LANs of the organization throughout a city. Usually the length of
the transmission lines of such network is up to 500 km.
The long haul backbone networks provide long-distance transmission of data, voice, image,
and video information over dierent cities, regions or countries all over the world. It covers hun-
dreds to thousands of kilometers between the nodes and is employed for transnational, transcon-
tinental and transoceanic communications. The networks need to be super-fast to transmit and
receive data over a long haul transmission systems. Data are transmitted through very long dis-
tances, hence, low loss, low cost and great quantity are the important factors for these networks.
Thus, the single mode fiber (SMF) is a good candidate for the long haul transmission systems
2
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Figure 1.2 Basic WDM systems.
owing to the low attenuation of 0.2 dB/km around the wavelength of 1550 nm with the extremely
high bandwidth upto 20 THz.
1.2 Optical Multiplexing Systems
There are two ways to transmit high bit rate optical signals. These are wavelength division
multiplexing (WDM) and optical time division multiplexing (OTDM) systems. These two sys-
tems are the multiplexing techniques used to increase the capacity of the networks. WDM is
a favorable system for communication networks and actually it is the another way of saying
“Frequency Division Multiplexing” (FDM). It is very convenient to talk about the wavelength
of light rather than the frequency when dealing with very high frequencies of light. Moreover,
the optical sources have narrower spectral width, on the other hand, FDM is used for electri-
cal transmission. Figure 1.2 shows the basic illustration of a WDM system. As shown in Fig.
1.2, the multiple data channels are multiplexed and demultiplexed by WDM multiplexer and
demultiplexer. Nowadays, the arrayed waveguide grating (AWG) is used for multiplexing and
demultiplexing the optical channels [7]. The optical signals are modulated by multiple data sig-
nals at dierent wavelengths and the multiplexed signals are transmitted instantaneously through
the SMFs [8, 9]. At the receiver, the demultiplexer separates the multiplexed channels with their
specific wavelengths. The WDM technology is treated as a successful candidate technology for
the optically amplified long distance transmission and the number one key technique for its high
bandwidth transmission in metro, ring, access networks, and in CATV systems [10].
To increase transmission capacity more, the OTDM system is an alternative way of theWDM
system. OTDM allows the bandwidth limitation of electronic and opto-electronic components
to be overcome and can significantly increase the bit-rate of the transmitting signal. In OTDM
systems, several optical signals using same frequency are modulated optically to form a com-
posite optical signal. For example, if the bitrate of the several signals is B, then the bitrate of the
composite signal is NB, where N is the number of the multiplexed signals. Figure 1.3 shows the
3
1.3. LITERATURE REVIEW AND MOTIVATION
Transmission on fiber
1 2     N 1 2     N 1 2     1 2
multiplexed signals
OTDM
 mux
 OTDM
demux
t
t
t
Channel 1
Channel 2
Channel N
t
t
t
t
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basic illustration of an OTDM system. As shown in Fig. 1.3, the optical signals from multiple
sources are incorporated in time to produce in single data stream [1]. The OTDM system is
similar as time division multiplexing (TDM) system, which is used in in radio communications.
OTDM systems are also same asWDM systems because both split the fiber bandwidth into many
lower data rate channels. However, the main dierence is, OTDM systems use the time domain
to increase the transmission capacity, whereas WDM systems use the frequency (wavelength)
domain. In terms of nonlinearity, OTDM systems have better performances than WDM systems
because of using only one wavelength. However, very short pulsewidth is needed for the data
rate of an OTDM signal to avoid time channel crosstalk from overlapping parts of neighboring
pulses after multiplexing. Therefore, the good quality picosecond pulse sources are essential for
OTDM systems. As an example, the pulsewidth for 160 Gbit/s OTDM system is predictable to
be less than 2.5 ps [11].
1.3 Literature Review and Motivation
In high speed photonic networks, the quality of the signals are degraded due to the linear and
nonlinear eects and these eects are mainly related with the pulsewidths of the signals. Owing
to the dierent transmission characteristics of the existing systems occurred by the dispersions
and nonlinear eects, the management and changes for dierent situations are needed to maintain
the optimum network performances. However, to reduce the obstacles, changing the parameters
of the infrastructures is not feasible as it is time consuming and very expensive. Thus, the good
solution may be the tunability and flexibility. Pulsewidth, the time interval between leading and
trailing edge of a pulse, is an important parameter in optical signal processing for its big ef-
fects on transmission performances specially on receiver sensitivity and fiber dispersion [12].
Therefore, the pulsewidth tunable operation is needed to optimize the waveform according to the
dierent transmission characteristics of the existing systems rather than changing the parameters
of the systems [13, 14]. Pulsewidth management using RZ format with larger duty ratio at the
4
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transmitter and pulse compressor at the receiver have been proposed for extending the repeater
spacing for long-span repeaterless transmission systems. Using the pulsewidth management,
10 Gb/s, 300 km repeaterless transmission experiment has been demonstrated [13]. The per-
formance of a transmission link varies significantly depending on the pulsewidth of the signals
[15, 16]. For example, improvements of receiver sensitivity and timing jitter of optical receiver
[17] and format conversion using pulsewidth tunability [18] have been demonstrated. In addi-
tion, in OTDM system, a required pulsewidth is determined by the bitrate [11], thus to apply
to the OTDM system with an arbitrary bitrate, the pulsewidth should be flexibly tuned within a
wider operating range. For increasing the transmission capacity, narrow pulses in order of pi-
cosecond and femtosecond are needed to produce and in OTDM systems, very short pulsewidths
are needed. As an example, in 640 Gb/s OTDM transmission, the pulsewidth should be less than
0.63 ps. Let us consider, the signals are needed to transmit from one 40 Gb/s OTDM network to
another 160 Gb/s OTDM network. Thus, for example, the pulsewidth 10 ps for 40 Gb/s OTDM
networks should be changed to 2.5 ps to cope with 160 Gb/s network even if the signal format
is not changed. Hence, the pulsewidth tunability is expected to be an important factor in the
photonic networks to optimize the transmission performance in realistic situation. On the other
hand, in future photonic networks, the combination between WDM and OTDM networks and
signal conversion between WDM and OTDM systems are required. The modulation format is
very important in photonic networks and probably most of the optical equipments and system
structures depend on dierent modulation formats. The various features, such as nonlinearity
and dispersions play vital role in transmission systems and are directly involved with modula-
tion formats [19]. That means, the characteristics and the eects of those features are dier from
one modulation format to another. Broadly three modulation formats are used in optical com-
munication systems and these are intensity, phase and polarization modulations [20]. Figure 1.4
shows the classifications of these modulation formats.
All modulation formats have some advantages and disadvantages over others and dierent
formats are suitable for dierent networks. For example, non-return-to-zero (NRZ) format has
better dispersion, high timing jitter tolerance and high spectral eciency than return-to-zero
(RZ) format and is mainly used in WDM systems. The NRZ format may be more attractive
than RZ format for feeding the low-bit-rate optical network unit (ONU) in the subscriber side
[21]. On the other hand, RZ signal has the superior performance in terms of receiver sensitivity
and transmission performance reducing the nonlinear eects in spite of the dispersion-induced
eect. It is widely used in OTDM systems owing to its shorter pulsewidth than that of NRZ sig-
nal. The fully functional WDM networks should be capable for format conversion between RZ
and NRZ formats [22]. Therefore interfacing and signal conversion between these two networks
are very important to enhance the network performances by linking and interfacing between the
5
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Figure 1.4 Optical modulation formats [20].
high-speed OTDM systems and lower-speed access networks. Thus, formats conversion is a very
important function to study and investigate. On-o-keying (OOK) signals are popularly used in
optical communication systems due to its simplest configurations. However, when multichannel
signals propagate, the nonlinear eects reduce the quality of signals. Thus, the phase modulated
signals receive much attentions to eliminate the nonlinear eects by reducing the huge power
required for the OOK signals. The term “3 dB benefit” of dierential phase shift keying (DPSK)
format modulation over OOK format modulation is widely used in optical communication litera-
ture when comparing DPSK and OOK signals. Studying with signal constellations for DPSK and
OOK, it is found that the symbol distance in DPSK signal compared to OOK signal is increased
by
p
2 for the same average optical power, hence to obtain the same symbol distance, half of the
optical average power should be needed for DPSK signal compared with OOK signal [23, 24]. In
DPSK, 3 dB lower optical-signal-to-noise ratio (OSNR) is required compared with OOK format
to reach a given bit-error rate (BER). As an example, at the bit error rate (BER) of 10 9, for
OOK signals, the quantum limit for an optically preamplified receiver is 38 photons/bit, but only
20 photons/bit for DPSK signal using balanced detection [23]. However, the benefit of 3 dB of
DPSK can only be extracted employing balanced detection. The term ”amplitude imbalance”, 
is defined as
6
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 =
(S A S B)
(S A+S B)
; (1.1)
where, S A and S B are in general opto-electronic factors for the destructive (A) and constructive
(B) delay interferometer (DI) output ports, correspondingly. If S A = S B, then  = 0. Therefore
there is balanced detection. Hence, due to the above advantage of DPSK signal, it is also im-
portant to study format conversion among phase modulated signals like DPSK signal. Another
important modulation format is quadrature amplitude modulation (QAM). To doubling the eec-
tive bandwidth, two amplitude modulated (AM) signals are combined in a single channel. The
QAM is another choice for optical communication systems for increasing the spectral eciency
[25, 26]. In addition, choosing the wavelength for the signals and wavelength managements are
very important for photonic networks and all-optical-wavelength-conversion (AOWC) is a key
technique to enhance the network performances avoiding the network blocking without requiring
additional path or packet buering [27]. Thus, wavelength conversion during format conversion
are sometimes vital issues for a high capacity photonic networks. For that reason, nowadays,
wavelength conversion method receives great interest in photonic networks [28]. On the other
hand, usually during format conversion by four-wave mixing (FWM) eects in highly nonlinear
media, the wavelengths of the converted signals are also changed [29, 30]. However, it is not
feasible to change the wavelengths during the format conversion when the original input wave-
length is required to deal with. Therefore, it depends on the conditions whether wavelength of
the converted signal should be changed or remain unchanged during the format conversion.
1.4 Objectives and Significance of The Thesis
In the previous section, it was mention that the data format conversion is necessary for inter-
facing and signal conversion between the dierent photonic networks. Moreover, both AOWC
and wavelength-shift-free operations play vital roles in optical signal processing. On top of that,
since pulsewidth tunable operation is essential to optimize the waveform according to dier-
ent characteristics and the required pulsewidth in OTDM systems is determined by its bitrate,
pulsewidth tunable operation during the data format and wavelength conversions is very inter-
esting investigate for optimum photonic networks. In this thesis, pulsewidth tunable operations
are studied during the data format conversions of DPSK and OOK signals with wavelength con-
version and with wavelength-shift-free operations also since the pulsewidth tunability has great
influences on the performances of the transmission links.
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1.5 The Structure of The Thesis
The contents of the thesis are organized as follows:
Chapter 1 Introduction
This chapter starts with the overview of optical network architecture and multiplexing sys-
tems. The research background and the motivation of the thesis are discussed in this section. The
objective and significance of the thesis are given, where the importance of pulsewidth tunability,
data format and wavelength conversions, and also wavelength-shift-free operation is focused.
Chapter 2 Optical Eects, Semiconductor Optical Amplifier Based Switch and Raman
Amplifier Based Pulse Compressor
This chapter presents a brief introduction to the basic theories of optical eects, semicon-
ductor optical amplifier based switch and Raman amplifier based pulse compressor. The optical
eects are very important as they influenced the objective and the significance of the thesis.
Since the semiconductor optical amplifier based switch is used for the format conversion with
pulsewidth tunability in this thesis, the overview of the switch is described in this chapter in-
cluding the basics of the semiconductor optical amplifier. Raman amplifier based compressor is
also employed for pulse compression and tunability in this thesis. Therefore, this chapter pro-
vides the overview of the Raman amplifier based pulse compression including the necessity of
the ultra-short pulse generation for future photonic networks. Here, Raman amplification based
adiabatic pulse compression is mainly focused.
Chapter 3 NRZ-DPSK-to-RZ-DPSK Format Conversion with Pulsewidth Tunable and
Wavelength-Shift-Free Operations
The chapter presents the advantages of DPSK signal and the format conversions between
DPSK signals. The demonstration of all optical NRZ-DPSK to RZ-DPSK signal with wavelength-
shift-free and pulse width tunable operations using semiconductor optical amplifier based switch
is presented. The format conversion is occurred owing to the cross phase modulation and the
cross gain modulation eects in the semiconductor optical amplifier based switch. On the other
hand, the pulsewidth of the converted RZ-DPSK signal is tuned from 30 to 60 ps by changing
the delay settings of the optical delay line inside the switch.
Chapter 4 Polarization Insensitive NRZ-OOK-to-RZ-OOK Signal Conversion with
Pulsewidth Tunability
This chapter focuses polarization insensitive NRZ-OOK-to-RZ-OOK signal conversion with
pulsewidth tunable operation using the polarization diversity loop and the Raman amplifier based
adiabatic pulse compression. The format conversion is done using the nonlinear eect: four
wave mixing in the fiber and the pulsewidth tunable operation is achieved by using the pulse
compressor. The pulsewidth of the converted RZ-OOK signal is tuned from 10 to 2 ps. The
importance of polarization insensitive operation and ultra-short pulsewidth tunability during the
8
CHAPTER 1. INTRODUCTION
format conversion is also described.
Chapter 5 Wavelength Conversion of RZ-DPSK Signal with Pulsewidth Tunability
The demonstration of the wavelength conversion of RZ-DPSK signal with pulsewidth tun-
ability using Raman amplifier based pulse compressor and the four wave mixing eect in highly
nonlinear fiber is given in this chapter. The pulsewidth of the wavelength converted RZ-DPSK
signal is tuned from 10 to 3 ps continuously.
Chapter 6 Conclusions and Prospective Future Works
Finally, the achieved results, significance, and the discussions are summarized in this chapter
with the prospective future works.
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Chapter 2
Optical Eects, Semiconductor Optical
Amplifier Based Switch and Raman
Amplifier Based Pulse Compressor
The properties of single mode fiber (SMF) are mainly classified into two categories: linear and
nonlinear optical eects. These eects have the great influences on signal qualities and respon-
sible for signal degradation. Investigate the characteristics of these properties are obvious during
the study of optical signal processing. The term “linear” represents “the superposition princi-
ple” of a system, on the other hand, the term “nonlinear” is existed when the “the superposition
principle” does not satisfied. Thus, the output of a system is not directly proportional to the in-
put. To achieve the data format and wavelength conversions with pulsewidth tunable operations,
the semiconductor optical amplifier (SOA)-based switch and the Raman amplifier (RA)-based
pulse compressor are employed in this thesis to examine the proposed detections. This chapter
gives a brief discussion on optical properties of the SMF with their influences on optical signals.
The overviews of SOA-based switch and RA-based pulse compressor are also described in this
chapter.
2.1 Introduction
The term “linear” in optics represents the power independent characteristic of the optical sig-
nal. That means the linear eects do not depend on the intensity of the optical signal. On the
other hand, the term “nonlinear” means the power dependency characteristic of the optical sig-
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Figure 2.1 The linear and nonlinear eects in optical fiber [2].
nal meaning that the nonlinear eects exist owing to the change of the refractive index of the
nonlinear medium with optical intensity and inelastic scattering phenomenon [1]. The linear
and nonlinear eects in optical fiber can be classified in Fig. 2.1. The format conversion with
pulsewidth tunability using the semiconductor optical amplifier (SOA)-based switch is based on
the nonlinear eects induced in the SOA and the ultra-short pulsewidth compression and tun-
ability is achieved using the Raman Amplifier (RA)-based pulse compressor. In the following
sections, the optical eects, SOA based switch and RA-based pulse compressor with their vital
roles in transmission systems are subsequently introduced.
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2.2 Optical Linear Eects
2.2.1 Attenuation
Signal attenuation in optical fiber is a big limiting factor, since the average power of the optical
signal at the receiver is reduced by it. The receiver needs a minimum power to receive the signal
precisely. The attenuation mostly depends on three major factors: intrinsic loss, microbending
loss and splicing loss. The intrinsic loss is mainly absorption loss and is a function of  6. Thus,
the loss depends on the wavelength and the shorter the operating wavelength, the higher the loss.
It also depends on the transparency of materials of the fiber [2]. During the power coupling
from the guided fundamental mode to radiation mode, the microbending loss is occurred. The
splice loss (also called joint loss) is common, as the fibers need to be spliced together to make
a final communication link resulted the axial misalignment of the fiber core. Therefore, the
transmission link should be designed carefully that the splicing loss would be the minimum. The
attenuation coecient is a quantity to describe how simply a beam of light can be attenuated
in a medium. The larger attenuation coecient, the quicker attenuation of a beam during its
propagation through a medium. For a general condition of power attenuation inside an optical
fiber, the attenuation coecient of the optical power P, can be expressed as [3]:
dP
dz
=  P; (2.1)
where  is the attenuation coecient, which includes all eects of power loss during signal
transmission through the optical fibers. Considering an optical signal with an average input
power Pin, enters to an optical fiber with the length of L, then the output of the optical power
Pout with a relation of attenuation coecient  will be:
Pout = Pine( L): (2.2)
The unit of attenuation coecient , which is a fiber-loss parameter, is expressed as dB/km
using the relation:
(dB=km) =  10
L
log10(Pout=Pin)  4:343: (2.3)
The standard optical fiber has the loss of about 0.2dB/km. In that case, the purity of the silica
is very high.
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2.2.2 Dispersion
During the propagation of a signal through the optical fiber, dierent components of the pulse
travel with dierent velocities and therefore, the dispersion occurs. As the short pulse becomes
larger, it overlaps the neighboring pulses and reliable bit recovery becomes impossible. Specially
the dispersion is very critical for high bit rate transmission systems. Though dispersion does not
weaken the signal, it blurs the signal. It limits the available bandwidth and hence, the disper-
sion management becomes very important for the photonic networks. For example, selection of
proper fiber design, optical source and pulsewidth tunability may reduce the dispersions. The
three most important dispersions are discussed in following sections.
2.2.2.1 Chromatic Dispersion
The chromatic dispersion is treated as the main dispersion due to its profound impact for design-
ing optical transmission systems. It is common to use the term “dispersion” to mean “chromatic
dispersion”. The dispersion parameter D, which is expressed in ps.nm 1.km 1, is commonly
used in the place of group-velocity dispersion (GVD) 2, where ps is the spreading time of the
pulse, the nm corresponds to the spectral width of the pulse, and km refers to the length of the
link. The dispersion has two contributions; material and waveguide dispersions. The material
dispersion happens as the refractive index of silica, material used for making the optical fiber,
changes with the optical frequency !. The frequency components of a pulse and the signals
with dierent wavelengths travel at dierent speeds in the fiber and therefore, some wavelengths
reach earlier than others and the signal disperses. The refractive index n() is well assumed by
Sellmeier equation [2, 4, 5]:
n2() = 1+
X
k
Gk2
(2 2k)
; (2.4)
where Gk are Sellmeier’s constants and k is an integer and usual range of k is from 1 to 3.
On the other hand, the shape of the fiber has the vital properties on the dispersion due to the
electric and magnetic fields that make the pulse of light spread from core to cladding. Therefore,
light energy travels through both core and cladding. If most of the power travels in the core, the
eective index is closer to the core refractive index and if most of the power is in the cladding, the
eective index is closer to the cladding refractive index. The power delivery of a mode among
core and cladding is a function of the wavelength. When there is a shorter wavelength, more
power is distributed in core and when the wavelength is longer, more power is in cladding. Thus,
even if there is no material dispersion, owing to the change of wavelength, the eective indices
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are changed causing waveguide dispersion. However, the waveguide dispersion can be reduced
by proper design of fibers to act in the opposite direction from material dispersion [6]. It usually
happens at 1300 nm and can be adjusted to make the dispersion minimum in the 1500 nm band.
2.2.2.2 Modal Dispersion
When light travels in multimode fibers, it takes many dierent paths or “modes”. As the dis-
tances of dierent modes are dissimilar to each other, some components of the light reach the
destination earlier than others resulting modal dispersion. Therefore, it can be said that, the
modal dispersion occurs only in multimode fibers (MMFs) which are employed in local area
network (LAN) systems. On the other hand, there is only one mode (single-mode) to transmit
the light in single mode fibers (SMFs) which are used in telecommunication systems. Thus, there
is no modal dispersion in SMFs.
2.2.2.3 Polarization Mode Dispersion
Polarization mode dispersion (PMD) got much attentions owing to its influences in SMFs. De-
spite the names of so called “SMFs”, these fibers allow two modes of propagation separated by
their polarization, because, in SMFs, there is not actually one but two modes which travel on the
same path. Light can travel two polarizations, thus two orthogonally polarized signals can be
transmitted without interfering each other on SMFs. An optical signal consists of two polariza-
tions in a single standard SMF. However, the states of polarization are not maintained in SMF
and the two modes travel in dierent velocities due to the optical birefringence and arbitrary
changes of this birefringence along the fiber distance results in arbitrary coupling between the
modes. Birefringence is the tendency in some materials where the ray path shows a dierent re-
fractive index to the dierent polarizations. Dispersion occurred from the birefringent properties
of fibre is called “PMD”. It is also said “Polarization Modal Noise”. Importantly, it is a source
of “Birefringent Noise” and this is a form of modal noise [6].
2.3 Optical Nonlinear Eects
Nonlinear eects can be classified broadly into two categories: elastic and non-elastics eects.
The elastic eects are based on the power dependence of the nonlinear refractive index of the
fiber responsible for Kerr-eect. Even though, the optical signal interacts and is aected by the
presence of matter, there is no energy exchange between the two. On the other hand, the non-
elastic eects are based on scattering phenomenon where there is an energy transfer between the
matter involved and the optical signal. The feedback of any dielectric to light is nonlinear for
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the intense electromagnetic fields and the optical fibers or SOAs are not dierent. Though silica,
itself, not a highly nonlinear material, the nonlinear eects become quite important in optical
signal processing due to the waveguide geometry which restricts the light to a tiny cross section
through long fiber lengths. The source of nonlinear feedback is related to a harmonic motion of
electrons under the influence of an applied field on the fundamental level. Therefore, the total
polarization P caused by electric dipoles is nonlinear in the electric field E, however, satisfies the
more general relation [4]:
P = 0

(1)E+(2)EE+(3)EEE+ :::

; (2.5)
where 0 and ( j) ( j = 1;2; :::) are the vacuum permittivity and jth order susceptibility, respec-
tively. The contributions of susceptibilities higher than the 3rd order are generally very little in
transmission systems and can be neglected. The linear susceptibility (1) is liable for the linear
behavior of the material, donates a main portion to P through eects such as power loss and
material dispersion. All higher order susceptibilities can be neglected for the low optical signal
powers. The second order susceptibility (2) causes for instance dierence frequency generation
(DFG) and can be used in a periodically-poled lithium-niobate (PPLN) waveguide. For materials
with a symmetric molecule structure such as silica glasses (SiO2) or SOA, nonlinear eects due
to (2) are negligible. As a result, the nonlinear eects in these materials are mainly related to
the third order susceptibility (3).
Because of the nonlinear eects from refraction, the dependence of the refractive index on the
intensity of the optical signal can be expressed as [3]:
n(!;P) = n0(!)+n2
P
Ae f f
; (2.6)
where n(!), P, and Ae f f are the linear part, optical power inside the fiber, and the eective
mode area of the medium, respectively. n0 and n2 are the linear and nonlinear refractive indices,
respectively. The intensity dependence of the phase depends on the intensity dependency of the
refractive index, resulting phase modulated nonlinear eects: self phase modulation (SPM) and
cross phase modulation (XPM). From the above equation, it can be said that the impact of Kerr
eect is proportional to the optical power P. Because of the fiber attenuation, the power of the
signal reduces exponentially on the fiber length and the eect of Kerr eect is the maximum in
the first part of the transmission line. This first part of the fiber is usually considered as high
power region and the high power region is defined by the eective length Le f f for the fiber with
the length of L [7]:
Le f f =
1  exp( L)

; (2.7)
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where  is the fiber loss. The nonlinear length LNL is responsible for the Kerr eect and is
defined by
LNL =
1
Pin
; (2.8)
where Pin is the input power injected into fiber and  is the nonlinear coecient [W 1km 1] and
is written as
 =
2n2
Ae f f
: (2.9)
Though the nonlinear eects are considered as impairment factors for the optical signal pro-
cessing as these degrade the the signals quality, there are many useful applications of nonlinear
eects which play very important roles in optical signal processing. The elastic eects from non-
linear index of refraction including SPM, XPM and four wave mixing (FWM), and non-elastic
eects from stimulated scattering phenomenon including stimulated Brillouin scattering (SBS)
and stimulated Raman scattering (SRS) are described in the following sections.
2.3.1 Elastic eects
2.3.1.1 Self Phase Modulation
The refractive index (RI) of light is dierent at the dierent points in a single pulse of light in the
optical fiber. Thus, there is small dierence of RIs in leading, middle and trailing edges and this
dierence cause the change of the phase. This phase change leads to the change of frequency.
For that reason, the frequency spectrum of the pulse is broadened, even can be distorted or spread
out. The chirping, which is a gradual shift in frequency, is created by the self phase modulation
(SPM) over the total duration of pulse [6]. The chirping is theoretically same as the chirping
induced for chromatic dispersion in the normal dispersion system. In both cases, the chirped
pulse has the longer wavelengths at the beginning and the shorter ones at the end. However,
SPM produced chirp depends on its pulse shape and the instantaneous levels of power within the
pulse. Since, this nonlinear phase modulation is self induced phenomenon, it is called as “self
phase modulation”.
The phase  induced by a field E over a fiber length, L is expressed as [1]:
 =
2

nL; (2.10)
where , n, and nL are wavelength of the pulse, refractive index, and the length of the optical
fiber, respectively. If we consider very high power transmitted through the fiber, n and L can be
replaced by ne f f and Le f f , respectively and we get the relationship:
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 =
2

ne f f Le f f : (2.11)
When the intensity depends on time, the phase  is also time dependent [8] and the phase
change leads to the frequency chirping of optical pulse and is shown in [3]:
!(t) =  
t
=
C
T 20
t; (2.12)
where, C governs the frequency chirp imposed on the pulse and T0 is the half width at 1/e
intensity point.
There are some important applications of SPM, which play vital roles in optical communi-
cation systems such as signal regeneration, optical solitons or pulse compression. This signal
regeneration is based on spectral broadening and a consecutive spectral broadening. The tech-
nique for signal regeneration using SPM was firstly introduced in Ref. [9]. At the regime of
chromatic dispersion in fiber, the pulse compression occurs during the propagation of the SPM
induced chirped pulse. The leading edge (red shift) of the pulse moves slower and goes toward
the center of the pulse and the trailing edge (blue shifted) moves faster and goes near to the center
of the pulse. On the other ways, linear dispersion caused chirping in the wavelength region above
zero dispersion wavelength, the opposite phenomenon occurs. That means the leading edge has
the higher frequency and the trailing edge has the lower frequency. As both these eects are
opposite, one can be eliminated by other by appropriate choice of pulse and power [1]. In that
condition, the pulse can propagate without distortion and is called “soliton” which is neither
broaden in time nor in frequency domain [10].
2.3.1.2 Cross Phase Modulation
When two or more signals at dierent wavelengths propagate through the same fiber, Kerr eect
induced by one signal aects another signal(s) by modulating the phase. This nonlinear eect is
called cross phase modulation (XPM). In wavelength division multiplexing (WDM) systems, the
XPM eect is critical and it becomes more critical in dense WDM systems, when the frequency
spacing between channels is 50 GHz or narrower. In these kinds of systems, the changing of
phase of a channel does not depend only on its power, but also depends on powers of other
channels. The phase shift of the ith channel can be expressed as follows [2]:
iNL = Le f f
0BBBBBB@Piin+2 MX
J,i
P j
1CCCCCCA ; (2.13)
where, M is the number of multiplexed channels and the factor 2 is due to the bipolar eects
of the susceptibility of silica materials. The XPM depends on bit pattern and randomness of
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simultaneous arrival of bit “1”. Thus, it is dicult to evaluate the impact of XPM and the
numerical solution can be used to get the XPM eects using the wave propagation of the signal
envelop via the nonlinear Schro¨dinger equation (NLSE).
Like SPM, XPM can also be used for pulse compression. The dierence between SPM
and XPM induced pulse compression is, in SPM, the pulse needs to be intense and powerful,
however, for XPM, the pulse itself does not need to be strong as the intense pump travels to-
gether which generates frequency chirping. A very common application of XPM modulation is
wavelength conversion. For example, an input data signal at the wavelength of 1 modulates a
continuous wave (CW) at the wavelength of 2 at a nonlinear medium and results the wavelength
conversion of the data signal from 1 to 2. Optical switching and the pulse retiming are also
done using the XPM.
2.3.1.3 Four Wave Mixing
When two or more signals at dierent wavelengths propagate in the same direction through same
optical fiber, besides XPM, another eect occurs. This eect is considered as a scattering pro-
cess, in which three photons are mixed to generate the fourth wave which is spaced at the same
interval as the mixing signals. This phenomenon is known as “four wave mixing” (FWM). Usu-
ally while describing FWM, the term “frequency” is used instead of “wavelength”. FWM, the
third order nonlinearity is produced by the intensity dependent refractive index of the nonlinear
medium and it happens when the momentum of the fourth waves satisfy a phase matching con-
dition for the maximum power transfer. With a relationship between the propagation constant
along z-direction in a single mode fiber, the phase matching can be represented as [2]:
(!1)+(!2) (!3) (!4) = (!); (2.14)
where !1, !2, !3, and !4 are the frequencies of the first to the fourth waves and  is the phase
mismatching parameter. In the case of two signals propagating through the same fiber, the signal
at frequency !1 mixes with another signal at frequency !2 to produce two new signals at the
frequencies of 2!1-!2 and 2!2-!1. The eect is common for three or more signals also.
Figure 2.2 shows the FWM spectrum for two signals. If the channel spacing is reduced, the
FWM eect becomes larger and the eect increases exponentially as the power increases. The
chromatic dispersion is a very important factor for the FWM eect. FWM happens when the
signals stay in phase and the phase matching is optimized when there is no dispersion. Thus, it
can be said, chromatic dispersion is a good friend to avoid the FWM. The larger the dispersion,
the less FWM eect, because chromatic dispersion makes the signal phase-change to each other.
A very small amount of dispersion is sucient to avoid the FWM with a channel spacing of 50
or 100 GHz [2]. Dispersion shifted fiber (DSF) is designed commercially with a dispersion of
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Figure 2.2 Output FWM spectra of two signals.
4 ps/(km-nm) to avoid FWM eect [3]. Channel spacing is another important factor for FWM.
In wavelength division multiplexing (WDM) systems, the channels are evenly spaced, hence,
the new signals appear in signal channels and cause noises. Thus, uneven channel spacing may
reduce the eect of FWM and mitigate the problems of cross talk. However, it can not solve
the problem of the power, which is removed in the signal channels in the process. Depending
on the number of channels, FWM can be partially degenerate and completely non-degenerate.
When only two waves propagate, partially degenerate FWM occurs and two additional signals
are generated. On the other hand, if three waves travel, a completely non-degenerate FWM
happens and twelve new signals are generated [11].
Though FWM is considered as a very unpleasant nonlinear eect, it is widely used in pho-
tonic networks for many applications, such as wavelength conversion, squeezing, parametric
amplification, optical demultiplexer, and super continuum generator etc. For wavelength con-
version, FWM process is considered as a very potential technique owing to its some advantages
like bit-rate and modulation format transparency [12]. The function of this wavelength converter
is to transfer information from one wavelength to another. When signals at the wavelengths of
1 and 2 propagate together with phase matching condition in a fiber, another new signal at the
wavelength of 3 is generated. By squeezing, FWM can be used to reduce the quantum noise.
Here, special stages of electromagnetic field are generated to reduce the noise fluctuation in some
wavelength range below the quantum noise level. Another interesting phenomenon, parametric
gain resulted in FWM process can be used for making parametric amplifiers and lasers. On top
of that, FWM devices can be implemented for all-optical demultiplexing in optical time divi-
sion multiplexing (OTDM) systems [13]. During the propagation of ultrashort pulses in a fiber,
FWM acts together with SPM, XPM and SRS with the eects of dispersion. Thus, new frequen-
cies within the pulse spectrum are generated resulting severely broadened pulse spectrum and it
extends over a frequency range exceeding 10 THz. This broadening is called as “supercontinuum
generation”.
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2.3.2 Non-Elastic Eects
When the intensity reaches over a certain threshold at high power, the number of scattered pho-
tons is exponentially grown and this phenomenon is known as “stimulated process”. In non-
elastic scattering, the frequency of scattered light is shifted to other frequency regions, whereas
in elastic scattering, the frequency of the scattered light is unchanged. The non-elastic scat-
tering phenomena are the reasons for SBS and SRS. In both cases, scattering of a photon to a
lower-energy-level photon with energy dierence between these levels is fallen with the energy
of phonons and the intensity of the scattered light grows exponentially when the incident power
exceeds a threshold value [14]. However, the dierence between SBS and SRS is, acoustic vibra-
tion is produced in the medium due to SBS and optical photons are resulted from the electronic
vibration for SRS. SBS may involve wave propagating in the opposite direction of the incoming
beams and the SRS phenomenon may take power from the signals with shorter wavelengths and
add gain to signals with longer wavelengths. These two phenomena were first observed during
1970s [15–17]. Though, these two are quite similar in the original, due to the dierent charac-
teristics of acoustic and photon, there are some dierences between these inside the fibers: (i)
SBS occurs in the backward direction, whereas SRS occurs in both direction, (ii) for SBS, the
scattered light is shifted in frequency by about 10 GHz, but for SRS, is shifted by about 13.2
THz. The shift for SRS is called “Stokes shift”, and (iii) the Brillouin gain spectrum is very
narrow, which is less than 100 MHz, where the Raman gain spectrum is extends over 20-30 THz
[3]. Both can result loss of power at the incident frequency, however, the loss is negligible at
lower power levels. Both have interesting applications in photonic networks, because an optical
signal can be amplified by them transferring the energy to it from the pump beam with a suit-
ably chosen wavelength. Owing to the extreme large bandwidth, SRS is specially very useful
for modern optical communication systems. The SBS and SRS are described in the following
sections.
2.3.2.1 Stimulated Brillouin Scattering
When light propagates through vacuum, light from dierent sources do not interact with each
other. However, when light propagates in a dielectric material (fiber core), it can interact with the
material with various ways and can compress the material when its intensity is above a certain
threshold level [18]. However, the interaction between light and the material is usually very
small and the interaction between dierent signals in a same fiber is also small. Though, the
problem is, when the light travels for long distance, the small eects can form a large eect.
At low power level, for example at 3 mW, there is no significant aect for stimulated Brillouin
scattering (SBS), but for high power like 6 mW, the aect can be larger. An acoustic wave of
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frequency Fa is generated under the pumping of an oscillating electric field of frequency fp. The
acoustic wave frequency shift is around 11 GHz with a bandwidth of around 50-100 MHz due to
the gain coecient of the SBS and the beating envelop modulates the optical signals. Therefore,
received-signal-jittering is formed and there is closure eye diagrams in the time domain. The
acoustic wave beats with the signal waves to generate the side band components and amplify the
wave to generate additional jittering eects. For SBS process, the initial growth of the Stokes
wave can be expressed by the following expression [4]:
dIs
dz
=gB IpIs; (2.15)
where
Is is the intensity of the Stokes wave
Ip is the intensity of the pump beam
gB is the Brillouin scattering gain coecient.
The Brillouin scattering gain gB is frequency dependent with the gain bandwidth of around
50-100 MHz for the pump at the wavelength around 1550 nm [2] and the gB for the silica fiber is
about 5  10 11m=W.
Usually, the threshold power for SBS is about 1 mW in standard SMF. When the power
exceeds the threshold level, the beam energy is reflected back. For that reason, the average
launched power is usually set less than 1 mW to avoid the crossing of threshold level.
2.3.2.2 Stimulated Raman Scattering
stimulated Raman scattering (SRS) is caused due to the same mechanism of SBS but for molec-
ular vibration, not acoustic vibration. As acoustic process is not involved, Raman scattering is a
isotropic process and it happens in all directions. Thus, SRS can occur in both directions in the
fiber. Like the SBS, Raman scattering is stimulated when the pump power crosses the threshold
value. Raman threshold, the power level where Raman scattering starts, is very high in a single
channel system. On the other hand, SBS eect is less than SRS. Even if SRS is not a serious
issue in single channel, it can be a significant problem for WDM systems, where energy transfer
happens from shorter wavelengths to longer wavelengths. Optical amplifier based on SRS can
be made using this phenomenon. However, it s a source of noise.
Owing to the SRS eect, power is transferred from shorter wavelength to longer wavelength
(from higher energy wave to shorter energy wave). Therefore, additional noises are added to the
longer wavelength and subtractive noise at shorter wavelength. This power transfer is due to the
interactions between light and vibrating molecules and is called “Stokes wave”. The SRS is a
big problem for FWM mitigation. To avoid FWM, signals are separated as much as possible,
however, we get SRS and the SRS becomes greater if the signals move further from each other.
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If two frequencies are 13.2 THz apart, the eect is maximum. SRS increases exponentially with
the increase of power and it is possible to transfer all powers from signal to Stoke wave at very
high power. For SRS process, the initial growth of the Stokes wave can be described by the
simple relation [4]:
dIs
dz
=gR IpIs; (2.16)
where
Is is the intensity of the Stokes wave
Ip is the intensity of the pump beam
gR is the Raman scattering gain coecient.
The spectrum of the Raman gain depends on the decay lifetime of the excited electronic
vibrating state. The decay time is within 1 ns and Raman gain bandwidth is about 1 GHz. The
bandwidth of the Raman gain is about 10 THz in SMF and the pump light wavelength is usually
about 100 nm below the amplification wavelength region [2]. Therefore, to extending the gain
spectra, a number of pump sources of dierent wavelengths are used.
2.4 Semiconductor Optical Amplifier Based Switch
The semiconductor optical amplifier (SOA) has got the interests two decades later the introduc-
tion of optical fiber communication systems. The property “fast gain dynamics” of the SOA is
responsible for cross talk between wavelength division multiplexing (WDM) channels, however,
is also very attractive for all-optical signal processing [19]. Thus, the SOA plays important roles
in photonic networks. “Semiconductor” is a substance which is neither a good conductor of
electricity, nor a good insulator and is used to provide the gain medium in the SOA. The SOA is
electrically pumped and compared with erbium-doped fiber amplifier (EDFA), it is low cost and
small in size, though it suers from lower gain, large noise, polarization dependency and high
nonlinear eects with speedy transient time. Like an SOA, the EDFA also saturates at higher
output power, however it occurs at a timescale of milliseconds rather than nanosecond, thus
much slower than the bitrate. Moreover, a stream of random ones or zeros are perceived by the
EDFA as a continuous light of average power, while the SOA reacts with every bit. However, the
nonlinearities and the limitations of the SOA for linear amplifier are used vastly for many appli-
cations of all optical signal processing. In this thesis, the SOA is used for the format conversion
employing its nonlinear phenomena. As the pulsewidth tunability is focused during the format
conversion, an SOA based switch is used in this thesis for the format conversion with pulsewidth
tunability. The SOA is very similar as the semiconductor laser except it does not have the reflect-
ing facets [20]. The laser has a gain medium and an optical feedback mechanism. The typical
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Figure 2.3 Schematic of a semiconductor optical amplifier [21].
gain needed for laser action is about 5 to 10 dB whereas the SOA has only gain medium usually
larger than that of laser, which is about 20 to 25 dB [21]. A typical amplifier chip is around 0.6 to
2 mm long consisting a p-cladding layer, an n-cladding layer, and a gain region and is shown in
Fig. 2.3. Electrons and holes are injected into the gain region made of semiconductor which has
lower band gap than that of cladding layers. The spontaneous emission of light and optical gain
for light propagating in the gain region occur due to the recombination of co-located electrons
and holes. The semiconductors with lower band gap have higher index than the semiconductors
with higher band gap and a waveguide is produced by the small index dierence for propagating
the signal light. The signal is guided in the waveguide and is amplified until it emerges from the
output facet of the amplifier. The SOA is electrically pumped (injecting current) to produce the
optical gain whereas the gain depends on the wavelength and the local intensity of the signal.
The gain coecient (gain per unit length) of a gain medium can be written as [21]:
g(!) =
g0
1+ (! !0)2T 22 +P=Ps
; (2.17)
where g0, !, !0, and P are the maximum (peak) value of the gain, optical frequency of the
incident light, atomic transition frequency, and the optical power of the signal being amplified,
respectively. Ps is the saturation power of the gain medium and T2 is the dipole relaxation time
within 0.1 to 1 ps range. In the case of low powers, for example, P/Ps  1, the gain coecient
can be expressed as [3]:
g(!) =
g0
1+ (! !0)2T 22
: (2.18)
According to the Eq. 2.18, the gain is maximum when ! = !0. The amplifiers with large
bandwidth is very attractive for multichannel amplification such as for WDM transmission sys-
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tems. It is defined as the full width at half maximum (FWHM) of the gain spectrum g(!). For
the spectrum of the Eq. 3.2, the gain bandwidth !g is given by 2/T2, or vg = !g/2 = 1/T2.
The dipole relaxation time T2 of a typical semiconductor is around 0.1 ps, thus, vg is around 3
THz [3]. When the amplifier is treated as a single element, the gain G is defined as
G =
Pout
Pin
; (2.19)
where Pout and Pin are the optical output and input powers of the amplifier, respectively.
The reduction of gain occurs when the SOA is needed to produce high output power and is
called “gain compression” results as the carriers are burned up faster by stimulated recombina-
tion. A new steady state sets in at a reduced degree of population inversion under the continuous
operation. When the gain is compressed by an intense optical pulse, it recovers with a character-
istic timescale called “carrier life time” which is typically a few 100 ps.
Even though gain compression and recovery life time are impairment factors as these are
responsible for interchannel crosstalk in a WDM system, these are put to good use in all-optical
signal processing applications such as wavelength and waveform conversions. The gain com-
pression owing to the intensity of optical channel can aect the intensity of another channel.
This phenomenon is known as cross gain modulation (XGM). Likewise, it can influence the
phase of another channel by means of the associated variations in the carrier density, which lead
to variations in the refractive index of the active layer: cross phase modulation (XPM). By using
the XGM and XPM eects in the SOA, the format conversion is demonstrated in this thesis.
2.4.1 Applications of The SOA
The SOA becomes an attractive device in channel amplification and optical signal processing for
its optical nonlinearities at low power operation, high integrability, and wide band gain spectrum
[22, 23]. Broadly the applications of SOA can be categorized for a) amplification and b) optical
signal processing. As the name of SOA suggests, amplification is a purpose for using the SOA.
Amplification can be single channel or WDM channels. By using the SOA, the single chan-
nel digital transmission have been tried in a laboratory experiment [24] and in a field trial [25].
In a single channel transmission, no need to care about “crosstalk”, however, “signal-to-noise
ratio degradation” and “intersymbol interference”due to the deep saturation and gain recovery
rate comparable to the bitrate [26] are needed to be focused. The analog modulation has far
more demanding requirements of linearity than the digital transmission as nonlinearities in ana-
log transmission system distorts the sine wave generating composite-second order (CSO) and
composite-triple bit (CTB) [19]. In a standard SOA, a variation of gain with output power can
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produce very high level of distortion for common analog applications, whereas a gain-clamped
SOA can oer sucient linearity [27]. As the SOA is treated as a cheap and compact amplifier
technology, several groups have worked on the operation of SOA in WDM systems. However,
the crosstalk problem of SOA, which aects the neighboring channels, is a big issue employ-
ing SOA in WDM systems. To solve the problem, two approaches can be applied: a) avoiding
crosstalk with suciently low output power to operate the SOA so that the gain variation ow-
ing to the XGM will be small and b) operating the high powers and utilizing the techniques for
suppressing the gain variations. For long-haul transmission systems, the SOAs can not be sub-
stitutes for the EDFAs. However, the SOA becomes a very eective device for all-optical signal
processing because of its carrier dynamics characteristics.
Among the popular applications, the wavelength conversion technique was the earliest tech-
nique, in which the data modulated on one wavelength channel are transferred to another signal
wavelength. Other features like the regeneration of the data takes place because of the nonlinear
response of the SOA and the fast gain dynamics allow for the application in optical time division
multiplexing (OTDM) systems. Logic operations are also very important for networking func-
tions such as signal regeneration, header recognition, addressing, data encoding, and encryption,
etc [28]. Nowadays, the logic gate operations have been demonstrated using the SOA, such as
SOA based XOR gate [28, 29] and NOR gate [30].
2.4.2 The SOA Based Delay Interferometer Switches
SOA based interferometers are considered as promising technologies for merging various func-
tionalities of all-optical signal processing into one device [23]. SOA loop mirror, also known
as semiconductor laser amplifier in a loop mirror (SLALOM) and terahertz asymmetric demul-
tiplexers (TOAD) are the examples. The SOA loop mirror based 3R regeneration and demulti-
plexing [31], clock component extraction from a signal [32] are the useful applications of the
all-optical signal processing in photonic networks.
In this thesis, SOA based switch is used for the format conversion, where the pulsewidths
of the format converted signal can be tuned within a wider operating range. Figure 2.4 shows
the schematic diagram of an SOA-based switch [33] used for the format conversion. This SOA-
based switch consists of a loop with a polarization beam splitter (PBS), a polarization controller
(PC), an SOA, and a variable optical delay line (DL) at an arbitrary position in the loop. In
this scheme, a pump (RZ clock) enters to the switch through the PBS. On the other hand, the
data signal enters through the circulator and the PBS and is divided into clockwise (CLW) and
counter clockwise (CCW) directions with equal powers in the loop. The splitting powers of
the data signal are adjusted as 50:50 ratio by the following PC. The data signal enters to the
bidirectional SOA in both directions. The PC at the output of the RZ clock is used to adjust
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Figure 2.4 Schematic diagram of SOA based switch.
the polarization of the RZ clock so that it propagates in CLW direction. The RZ clock has the
sucient energy to significantly modify the optical properties in the SOA. When the RZ clock
is injected into the switch, travels in only CLW direction in the loop and enters into the SOA,
the CLW and CCW beams of the data signal experience cross-phase modulation (XPM) and
cross-gain modulation (XGM) inside the SOA and due to the phase dierence, the output is one.
On the other hand, when the RZ clock is temporarily far ahead or behind both CLW and CCW
beams, the CLW and CCW beams interfere destructively and the output is zero. The PC inside
the loop in Fig. 2.4 is used to direct the converted signal to the output and the RZ clock to its
same source port. As the PC is used to rotate the signals 90, both RZ clock and data signal enter
the SOA with orthogonally polarized states. The relation between temporal phases in the SOA
and the output waveforms [33] are described in chapter 3 where the SOA based switch is used
for the experiments. The switching principle is based on optically induced dierential phase
modulation, hence, adjusting the time delay t of the DL enables us to change the pulsewidth of
the output signal.
2.5 Raman Amplifier Based Pulse Compressor
Ultra-short pulse of a light is an electromagnetic pulse which has the picosecond or less time
duration. The short pulsewidths are needed for future photonic networks, as the requirements of
huge tracs are increasing day by day. Many techniques have been demonstrated for ultra-short
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pulsewidth generation such as using mode locked lasers [34, 35], electro-absorption modula-
tors (EAMs) [36, 37], distributed-feedback (DFB) lasers [38–40], and super continuum gener-
ation [41, 42]. However, in terms of cost and stability, these techniques are not very attractive
and nowadays for generating ultra-short pulses, the adiabatic pulse compression method has got
much attentions [43, 44]. Moreover, to cope with dierent characteristics of the fiber transmis-
sion link, the pulsewidth should also be tuned within a wider operating range as the nonlinearity
and dispersion tolerance mostly depend on pulsewidths. RA based adiabatic pulse compression
seems to be a good candidate for ultra-short pulsewidth generation and tunability. This chap-
ter focuses on the requirements of ultra-short pulsewidth and the technique for adiabatic pulse
compression.
2.5.1 Ultra-Short Pulsewidth Requirements
In high-speed OTDM systems, the required pulsewidth is determined by its bitrate. Hence, to
apply to an OTDM system with an arbitrary bitrate, the pulsewidth should be adjusted according
to its bitrate. Table 2.1 shows the time slot and required pulsewidths for the high speed OTDM
systems [45].
Table 2.1 The time slot and required pulsewidths for high-speed OTDM system.
bitrate= 40 Gb/s 160 Gb/s 640 Gb/s 1.28 Tb/s
Time slot 25 ps 6.25 ps 1.56 ps 0.78 ps
Pulse width (40% time slot) <10 ps <2.5 ps <0.63 ps <0.31 ps
Pulsewidth for 40 Gb/s OTDM system, as an example, is estimated to be less than 10 ps
supposing a maximum width of 40% of the time slot.
2.5.2 Pulse Compression Technique and Soliton Power
FWHM /
r
D
P1
: (2.20)
The relation between three factors: pulse duration, dispersion, and peak power is seen in Eq.
2.20. As seen in this Eq., the square of the soliton pulse duration, full width at half maximum
(FWHM) is the proportional to the chromatic dispersion D and inversely proportional to the
optical pulse’s peak power P1. Thus, by propagating the pulse through the dispersion profiled
fibers such as dispersion-decreasing fiber (DDF) [46–48], comb-like dispersion profiled fiber
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(CDPF) [49–51], and step-like dispersion shifted fiber (SDPF) [52, 53], the adiabatic soliton
compression can be achieved. However, it is not so feasible for real deployment as manufacturing
these kinds of fibers are dicult and compressing the pulse within a wider operating range in
a specific fiber may not be possible. Another way to compress the pulsewidth is, increasing
the peak power of the optical pulse during its propagation along an anomalous dispersion fiber.
It can be done by using an optical amplifier and the compressed pulsewidth can be tuned in a
wider picosecond range by adjusting the amplifier gain. The optical amplifier can be the erbium-
doped fiber amplifier (EDFA) and the distributed Raman amplifier (DRA). In our works, RA-
based pulse compressor using the adiabatic pulse compression method is employed for the pulse
compression and tunability.
The word “soliton” is a short form of the phrase “solitary solution” as the phenomenon
represents a single solution to the propagation equation. Soliton maintains its shape while it
travels at a constant speed. Most of the pulses spread in time causing pulse broadening due
to the group velocity dispersion during the propagation in an optical fiber. However taking the
advantage of nonlinear eects in fiber, the pulse-broadening eects of group velocity dispersion
can be eliminated. Thus, the pulses can propagate for long distances without changing its shape.
The most commonly used soliton pulses are known as “fundamental soliton”. The fundamental
soliton peak power is required for the good quality pulse compression using the adiabatic pulse
compression method. The peak power can be calculated by using the Eq. 2.21.
P1 =
0:7773DAe f f
2cn22FWHM
; (2.21)
where P1 is the peak power of the fundamental soliton pulse. ,D, c, and n2 are the wavelength of
the optical pulse, the chromatic dispersion (D>0), the speed of light in vacuum, and the nonlinear
refractive index, respectively. Ae f f and FWHM are the eective area and the pulse duration of
the optical mode, respectively. After existence of soliton inside the fiber once, the free parameter
is the pulsewidth, not the power and therefore the above equation can be reformulated [54]:
2FWHM =
0:7773DAe f f
2cn2P1
: (2.22)
2.5.3 Raman Amplifier Based Pulse Compression
As discussed earlier, Raman scattering is a nonlinear eect and during the Raman scattering,
light incident on a medium is converted to a lower frequency. The energy diagram for Raman
scattering is shown in 2.5. A pump photon frequency vp stimulates a molecule (two or more
atoms join together) to a “virtual” level, which is the nonresonant state and the molecule rapidly
reduces to a lesser energy level emitting a signal photon frequency vs in this procedure. Here
31
2.5. RAMAN AMPLIFIER BASED PULSE COMPRESSOR
Virtual state
Vibrational
state
vp vs
Strong pumping Stimulated emission
Ground state
Phonon emission
        (13.2 THz)
Figure 2.5 Energy diagram for Raman scattering [3].
the term “virtual” is used because of the short duration as the molecule can not settled there for
a certain duration. The dierence between the energy of pump and signal photons is lost due
to the molecular vibration of the host material and these vibrational levels govern the frequency
shift and the shape of the Raman gain curve. The Stokes shift is considered as the frequency
(wavelength) dierence between the pump and signal photons vp-vs and is shifted by about 13.2
THz [55]. It was mentioned earlier that both EDFA and RA can be used for pulse compression.
However, the RA has some advantages over the EDFA such as Raman scattering can occur in
any fiber, by choosing proper pump wavelength, gain happens in any signal wavelength and
the gain is very fast. On the other hand, the EDFA needs specially fabricated fiber, pump and
signal wavelengths can not be chosen flexibly and transfer of energy is slower than the Raman
scattering [55]. The RAs are used in almost all long distance transmission systems owing to its
single simple platform for ultra-long-haul amplifiers [56]. However, the big argument against the
RA is that it has poor eciency compared with the EDFA, but the increase of number of channels
and bitrate result increasing the total signal power of the transmission link, that is why, RA got
lots of attentions. The comparison study of the power conversion eciency (PCE) between a
1480-nm pump EDFA and a RA assuming a signal input power of 20 mW is shown in Ref. [56],
where the PCE is calculated by 100(output signal power-input signal power)/pump power. At
low power level, the EDFA had better PCE (over 30%) than the RA (below 20%). Though, for
high power levels, more eciency for Raman amplifier was shown in this comparison study. As
high power levels are required for increased network capacity, the RA got much attentions owing
to its better performance than the EDFA. The RAs can be distributed, discrete (lumped) or hybrid.
In the case of the distributed RA (DRA), the transmission fiber itself is used as a gain medium
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Figure 2.6 Raman amplification-based optical communication system.
by multiplexing a pump wavelength with a signal wavelength and for discrete RA, a dedicated
shorter length of fiber is employed. The big dierence between distributed and discrete RAs is
fiber length. Usually a DRA has the length greater than 40 km whereas a discrete RA has the
the length of around 5 km. The pump signal can be coupled with the transmission link in the
same direction called co- or forward pump and in opposite direction called counter or backward
direction. Even the pump signal can be coupled with both directions. The transfer of noise from
pump to signal is reduced in the case of backward direction, hence, this direction is popularly
used for pumping.
Figure 2.6 shows the schematic diagram of optical communication system with Raman am-
plification. Here, the signal transmitted from transmitter through the fiber is boosted up by the
pump in same direction called co propagating pumping and is boosted by the opposite directed
pump called counter propagation pumping before reaching the receiver.
Depending on the materials parameters and wavelength employed in the Eq. 4.3, the output
pulsewidth is determined by varying the peak power. Here the pulsewidth is compressed when
the power is increased as the soliton condition is maintained during the amplification. For getting
the sucient Raman gain with the compression factor 10 to 20, around 1 W Raman pump is
required, where the preferred output pulse duration is usually in the range of 1 to 5 ps [57]. The
Raman pump employed in the thesis for pulse compression, may emit around 3 W. However, if
the Raman pump power is more than 1 W, the waveform of the pulse is severely distorted owing
to the abnormalities in the soliton condition [44].
In this thesis, RA-based pulse compressor is employed for pulsewidth tunable operation dur-
ing the format and wavelength conversions of dierent modulated signals. In our works, the RZ
clock is used as a pump for the signal processing in the proposed detections and the pulsewidth
of the RZ clock is tuned within a wider operating range by using the pulse compressor. The
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Figure 2.7 Experimental setup for Raman amplifier based pulse compressor.
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Figure 2.8 Pulsewidth tunability of the converted RZ clock as a function of Raman pump
powers.
operation principle and the experimental setup for pulse compression and tunability is shown in
Fig. 2.7. An external cavity laser (ECL) and an electro-absorption modulator (EAM) are used
to generate a 10 GHz RZ clock at a wavelength of 1552.5 nm. The RZ clock is a sech2-shaped
pulse. An erbium-doped fiber amplifier (EDFA) is used at the output of the RZ clock generator to
compensate the insertion loss for the EAM and to adjust the fundamental soliton power condition
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of the RA-based pulse compressor. The average input power of the RA-based pulse compressor
is 6.2 dBm. The optical band pass filter (OBPF) at the output of the EDFA is employed to sup-
press the out-of-band amplified spontaneous emission (ASE) noise generated by the EDFA. By
using a tunable dispersion-compensating module (TDCM), the negative chirp of the RZ clock is
suppressed before it enters the RA-based pulse compressor. The pulse compressor consists a 17
km dispersion-shifted fiber (DSF) and a wavelength-tunable Raman laser (TRL) for the Raman
pump in the counterpropagating direction using a WDM coupler. The DSF has an attenuation
of 0.197 dB/km. The dispersion and dispersion slope of the DSF are 3.8 ps/nm/km and 0.059
ps/nm2/km at 1552 nm, respectively. The wavelength of the tuning range of the TRL is between
1425 and 1495 nm. To obtain high-quality compression performance, the wavelength of the Ra-
man pump is optimized at 1452 nm. When the Raman pump power is increased, the pulsewidth
of the RZ clock is compressed because the soliton condition is maintained in the DSF during the
amplification [43]. Therefore, by changing the Raman pump power, the pulsewidth of the RZ
clock can be tuned. The pulsewidth tunability of the RZ clock for dierent Raman pump powers
is shown in Fig. 2.8. Moreover, the expected values of the RZ clock is investigated in this chap-
ter to compare with the experimental data of the proposed detections. The output average power
of the RZ clock with the changes of Raman pump powers in our experimental data are given in
Table 2.2. From the Table 2.2, it is seen that when the Raman pump power is 0.85 W, the RZ
clock average output power is 15.3 dBm with the peak power of 32 dBm. The results show the
almost similar results with the Ref. [44], where RZ data is compressed. Now putting the resulted
Table 2.2 RZ clock output powers with dierent Raman pump powers.
Raman pump power RZ clock output power
0.85 W 15.3 dBm
0.72 W 13.5 dBm
0.60 W 11.8 dBm
0.48 W 10.0 dBm
values of RZ clock power to the Eq. 2.22, we get the calculated pulsewidths of the RZ clock and
these are shown in Table 2.3. Therefore, we can estimate the relationship between the Raman
pump powers and the expected pulsewidths of the RZ clock in Table 2.4.
Conferring to the relations, very short pulsewidth, for example less than 1 ps can also be
calculated. The power of the signal, hence the pulsewidth depends on the Raman gain. However,
in practical, the eect of gain saturation is increased with the increase of the Raman pump power
around 1 W. The saturation of gain is owing to the depletion of pump light by transferring the
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Table 2.3 Calculated RZ clock pulsewidths for the RZ clock output powers.
RZ clock output power RZ clock output pulsewidth
15.3 dBm 2.1 ps
13.5 dBm 3.2 ps
11.8 dBm 4.7 ps
10.0 dBm 7.0 ps
Table 2.4 Expected RZ clock pulsewidths for the dierent Raman pump powers.
Raman pump power RZ clock output pulsewidth
0.85 W 2.1 ps
0.72 W 3.2 ps
0.60 W 4.7 ps
0.48 W 7.0 ps
power to the signal. On the other hand, the soliton experiences attenuation in a fiber [54] and
dispersion in the Raman compressor. Therefore, the experimental pulsewidths are supposed to
be larger than the expected pulsewidths and the comparisons are shown in the proposed findings
in chapter 5.
2.5.4 Timing Jitter and Pulse Pedestal Issues
When pulsewidths become shorter, the random fluctuations of the pulses occur from their starting
position. This phenomenon is called as “jitter” and it is a big problem as it deteriorates the
performances of the whole transmission systems. Table 2.5 shows the timing jitter should be
less than 1/8 of the time slot width [45]. For example, for 640 Gb/s and 1.28 Tb/s systems the
jitter is needed to be better than 200 fs and 100 fs, respectively. In optical signal processing
research, solving timing jitter problem has got much attentions and many techniques have been
demonstrated to mitigate the timing jitter, such as in [58–60].
Table 2.5 Timing jitter required for high-speed OTDM system.
bitrate= 40 Gb/s 160 Gb/s 640 Gb/s 1.28 Tb/s
Time slot 25 ps 6.25 ps 1.56 ps 0.78 ps
Timing jitter (1/8 time slot) <3.13 ps <0.78 ps <0.2 ps <0.1 ps
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Another important issue for shorter pulsewidths is pulse pedestal [44]. In high-speed OTDM
system, the intersymbol interference (ISI) can occur owing to the pedestal components of the
pulse. Thus, pedestal free signal for high-speed network is essential for the optimum system
performances. When FWM process is employed for data format or wavelength conversions, the
pedestal components can be eliminated due to the FWM process, which results the extinction
ratio improvement [61].
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Chapter 3
NRZ-DPSK-to-RZ-DPSK Format
Conversion with Pulsewidth Tunable and
Wavelength-Shift-Free Operations
This chapter focuses an all-optical non-return-to-zero dierential phase shift keying (NRZ-DPSK)
to return-to-zero DPSK (RZ-DPSK) format conversion with wavelength-shift-free and pulsewidth
tunable operations by using a semiconductor optical amplifier (SOA)-based switch. An NRZ-
DPSK signal is injected into the SOA-based switch with an RZ clock, and is converted to RZ-
DPSK signal owing to the nonlinear eects inside the SOA. In this scheme, the wavelength of
the converted RZ-DPSK signal is maintained as the original wavelength of the input NRZ-DPSK
signal during the format conversion. Moreover, the pulsewidth of the converted signal is tunable
in a wider operating range from 30 to 60 ps. The format conversion with pulsewidth tunability is
based on cross-phase modulation (XPM) and cross-gain modulation (XGM) eects in the SOA.
The clear eye diagrams, optical spectra and the bit-error-rate (BER) characteristics show high
conversion performance with the wide pulsewidth tuning range. For all cases of the converted
RZ-DPSK signal with dierent pulsewidths, the receiver sensitivities at a BER of 10 9 for the
converted RZ-DPSK signal were 0.7 to 1.5 dB higher than the receiver sensitivity of the input
NRZ-DPSK signal.
This chapter is constructed as follows: First, the background and purpose of the work in sec-
tion 3.1. The section 3.2 describes the experimental setup for the conversion. The experimental
results and discussion are presented in section 3.3. Finally, section 3.4 summarizes the main
results of the chapter.
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3.1 Introduction
Nowadays, dierential phase shift keying (DPSK) format receives more attentions in long haul
transmission systems owing to its 3 dB higher receiver sensitivity than that of on-o-keying
(OOK) format [1]. Because of the better receiver sensitivity and nonlinear tolerance, the phase
modulated signal with optically preamplified direct detection performs better than a relatively
simple receiver configuration like intensity modulated signal [2, 3]. For that reason, recently,
the phase modulation has got much interest to reduce the nonlinear eects by eliminating the
instantaneous power requirements for OOK format [4]. On the other hand, the intensity mod-
ulated non-return-to-zero (NRZ) and return-to-zero (RZ) data signal formats are widely used
in wavelength-division-multiplexing (WDM) and optical-time-division-multiplexing (OTDM)
transmission systems due to their simplest configurations. Therefore, the combination of OOK
and DPSK formats enhances the transmission performances of the photonic networks, specially
the RZ-DPSK signal has the superior performances for long haul transmission by reducing the
nonlinear phase noises [5, 6]. The next generation photonic networks will be developed with
higher capacities by increasing the bit-rate and/or number of wavelength channels to fulfill the
huge requirements of tracs which are increasing day by day [7]. However, the high-bit-rate
signals have less dispersion tolerances than the lower-bit-rate signals. Hence, the dispersion
compensation for high-bit-rate signals becomes very important to maintain optimum system per-
formances [8]. Moreover, when multichannel WDM signals are propagated, nonlinear eects
deteriorate the signals transmission qualities. Thus, NRZ-DPSK format is considered as a good
candidate for WDM systems to optimize the systems performances avoiding the greater nonlin-
earities of OOK signals. On the other hand, RZ-DPSK format is potential for multiplexing in
the time domain, like DPSK-OTDM systems [9] owing to its narrower pulsewidth. On top of
that, it has better receiver sensitivity and nonlinear tolerance than those for NRZ-DPSK signal.
The RZ-DPSK signal format exhibits higher carrier-to-sideband ratio and flatter power spectrum
than the NRZ-DPSK signal [10]. Signal conversion and interfacing between WDM and OTDM
systems are needed for the future high speed optical networks to optimize the network perfor-
mances. For that reason, the data format conversion is considered as a key function for optical
signal processing replacing the optical-electronic-optical (O-E-O) conversion and it provides
flexible interferences between the dierent photonic networks [11]. The semiconductor optical
amplifier (SOA)-based loop mirror is very eective for data format and wavelength conversions.
The formats conversion of OOK signals based on this loop mirror has been reported in Ref.
[12]. However RZ-DPSK format has the advantage over OOK and NRZ-DPSK formats in SOA
based switch, because highly saturated SOAs are well fitted with RZ-DPSK format owing to
the data independent intensity profile of RZ-DPSK format, which avoids the pattern dependent
gain modulation in SOA [13, 14]. Even though some chirp occur for the SOA saturation, the
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receiver sensitivity of the RZ-DPSK signal is not aected severely for the chirping of RZ-DPSK
signal and the ideal phase adjustment of the delay interferometer is not also aected owing
to the characteristics of DPSK format [13]. Thus, at high-input-signal power, better tolerance
performance for pattern eect is attained, which facilitates higher combined data-rate with nar-
rower pulses for OTDM systems. The comparison study of RZ-OOK and RZ-DPSK signals has
been demonstrated using same terahertz optical asymmetric demultiplexer (TOAD) in Ref. [14],
where RZ-DPSK signal performed much better than RZ-OOK signal. Because of many advan-
tages of RZ-DPSK signal, recently it has got much considerations for future photonic networks.
Format conversion between NRZ-DPSK and RZ-DPSK signals can play very important roles for
the combination of WDM and OTDM networks and to improve the network performances. How-
ever, generating RZ-DPSK signal is complex and expensive compared to generating NRZ-DPSK
signal, because RZ-DPSK signal needs additional pulse carver to drop zero between each pulse.
Several techniques have been demonstrated for NRZ-DPSK to RZ-DPSK signal conversion by
using the nonlinear devices such as SOAs [15] and periodically poled lithium niobate (PPLN)
[16]. In high speed WDM systems, the channels have signal degrading eects due to nonlinear-
ity and dispersions. To eliminate these problems, changing the parameters of infrastructures is
not feasible because it is time consuming and very expensive. Thus, in order to solve the ob-
stacles in real deployment, the best solution may be tunability and flexibility with the existing
systems for the changeable conditions, which can be highly desirable and useful. For exam-
ple, the pulsewidth tunable operation without intersymbol interference between adjacent pulses
is needed to optimize the transmission systems by coping with variable conditions [17, 18].
Thus, the pulsewidth tunability during the format conversion seems to be interesting to study
and investigate. To the best of our knowledge, NRZ-DPSK to RZ-DPSK format conversion with
pulsewidth tunable operation has not been demonstrated yet. Moreover, wavelength-shift-free
procedure during format conversion is very important to maintain the desired wavelength for the
format converted signal unless wavelength conversion is necessary. If four-wave mixing process
is employed for data format conversion, for example, the wavelengths of the output signals are
shifted to other wavelengths [19, 20], which is not appreciable for wavelength-shift-free opera-
tion and for dispersion management in optical transmission systems. The wavelength-shift-free
operation enables the easy network controlling and makes the management system less complex
[21].
In this study, the pulsewidth tunable operation of NRZ-DPSK to RZ-DPSK format conversion
is demonstrated for the first time using the SOA based switch, where the wavelength-shift-free
operation is also achieved. The proposed idea can be implemented in some situations. As an ex-
ample, let us consider an NRZ-DPSK signal with the wavelength of 1 is implemented in WDM
systems and this signal is needed to be transmitted to OTDM systems, where the RZ-DPSK sig-
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nal is more suitable to use. Therefore, format conversion from NRZ-DPSK to RZ-DPSK signal
is necessary. However, if the OTDM system has the available input port for only 1, wavelength
of the converted RZ-DPSK signal should be maintained as the original wavelength 1 of the
NRZ-DPSK signal. In addition, if the format conversion application is implemented in long haul
sub-systems where repeaters are essential, the wavelength-shift-free process is vital [22] so that
the wavelength converter is not needed to convert to the desired wavelength. On the other hand,
the pulsewidth tunability of the converted RZ-DPSK signal can play an important role for the
dierent bitrates of OTDM system. The OTDM system is attractive for the long haul backbone
networks where the small pulsewidths should be implemented. However, the bitrates of OTDM
system from the high-speed network should be lesser to near access network to adjust with the
lower-bitrate in the subscriber sides [12]. For NRZ-DPSK to RZ-DPSK format conversion with
pulsewidth tunability, an SOA based switch with an optical delay line (DL) inside the switch is
used as similar as in Ref. [12]. However, in that Ref., the DL was used to adjust the SOA-arrival-
time-dierence of beams with the bit period for the format conversions of the OOK signals, but
the pulsewidth tunability of the converted signals was not demonstrated. Some features, such as
nonlinearity and dispersion tolerance, mainly rely on the pulsewidth of the signals. Therefore,
the performance of a transmission link varies significantly depending on the pulsewidth of the
signals [23, 24]. Moreover, in OTDM systems, the optimum pulsewidth is regulated by the bi-
trate. Thus, the pulsewidth of the signals in OTDM systems should be flexibly tuned within a
wider operating range according to the bit rate for the optimum transmission performances. The
bit-error-rate (BER) characteristics of the converted RZ-DPSK signal are measured to estimate
the quality of the converted signal with dierent pulsewidths in our scheme.
3.2 Experimental Setup
The proposed scheme is shown in Fig. 3.1. It is comprised of a SOA-based switch. The switching
system is based on the nonlinear eects induced in the SOA of the switch. The RZ clock and
the input NRZ-DPSK signal enter to the SOA-based switch. When the synchronization between
the RZ clock and the input NRZ-DPSK signal is occurred inside the switch, the converted RZ-
DPSK signal is generated. The converted duration-tunable RZ-DPSK signal preserves the same
wavelength of the input NRZ-DPSK signal. The experimental setup of NRZ-DPSK to RZ-
DPSK format conversion with pulsewidth tunability is shown in Fig. 3.2. The format conversion
is based on an SOA-based switch [25, 26], which consists of a loop with a polarization beam
splitter (PBS), a polarization controller (PC), an SOA, and a variable optical DL at an arbitrary
position in the loop. The carrier recovery time and the injected current of the SOA are 100
ps and 340 mA, respectively. In this experiment, A 10 GHz input RZ clock at the wavelength
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Figure 3.1 Scheme of NRZ-DPSK to RZ-DPSK format conversion.
of 1559 nm is generated with an external-cavity laser-diode (ECL) and an electro-absorption
modulator (EAM). An erbium-doped fiber amplifier (EDFA) is employed at the output of the RZ
clock generator to compensate the insertion loss for the EAM and to adjust the desired output
power of the RZ clock for the switch. The following optical band pass filter (OBPF) is used to
suppress the amplified spontaneous emission (ASE) noise induced by the EDFA. On the other
hand, a 10 Gb/s input NRZ-DPSK signal at the wavelength of 1552 nm is generated with a
continuous-wave (CW) and an intensity modulator (Photline Technologies) driven by electrical
NRZ data from the pulse pattern generator (PPG). The data signal is pseudorandom bit sequence
(PRBS) with a pattern length of 231 1. The EDFA is used to set the desired output power of
the signal injected into the switch and to improve the signal-to-noise-ratio of the signal. The
following OBPF is used to eliminate the ASE noise induced by the EDFA as the same purpose
of the previously mentioned EDFA. The NRZ-DPSK signal through the circulator and the PBS
is divided into clockwise (CLW) and counter clockwise (CCW) directions with equal powers
in the loop. The splitting powers of the NRZ-DPSK data are adjusted as 50:50 ratio by the
following PC. Each splitting power of the NRZ-DPSK signal is 0 dBm. The NRZ-DPSK signal
enter to the bidirectional SOA in both directions. The PC at the output of the RZ clock is used
to adjust the polarization of the RZ clock so that it propagates in CLW direction. When the
RZ clock with 2 dBm power is injected into the switch, travels in only CLW direction in the
loop and enters into the SOA, the CLW and CCW beams of the NRZ-DPSK signal experience
cross-phase modulation (XPM) and cross-gain modulation (XGM) inside the SOA. The relation
between temporal phases in the SOA and the output waveforms are seen in Fig. 3.3 [25]. Figure
3.3(a) shows the temporal phase responses clw and ccw of the CLW and CCW beams. The
temporal phase changes clw and ccw of the CLW and CCW beams are occurred owing to
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Figure 3.2 Experimental setup for NRZ-DPSK to RZ-DPSK format conversion with
pulsewidth tunability.
the nonlinear eects caused by the input RZ clock. The rise time of the signal-phase-change is
determined by a pulsewidth of the clock pulse, on the other hand, the fall time is determined by
the SOA’s slower recovery time. As seen in Fig. 3(a), bias is the phase bias defined by the
temporal phase response between clw and ccw. This is made by using the PC at the input
of the polarizer. When bias of the two beams is adjusted to , there is a finite output intensity
between the intervals t. The intensity of the output wave for the time delay of the CLW and
CCW beams is shown in Fig. 3.3(b), which is determined by a delay settings t of the DL inside
the loop. The PC inside the loop in Fig. 2 is used to direct the converted signal to the output and
the RZ clock to its same source port. Since, the role of the PC is to rotate the signals 90, both RZ
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Figure 3.3 Relation between temporal phases in the SOA and the output waveforms. (a) Tem-
poral phase responses for CLW and CCW beams, (b) intensity of the output wave for the time
delay settings of CLW and CCW beams.
clock and NRZ-DPSK signal enter to the SOA with orthogonally polarized states. The switching
principle is based on optically induced dierential phase modulation, therefore, adjusting the
time delay t of the DL enables us to change the pulsewidth of the output signal [25]. The signal
with 90 polarization rotation after the loop, are recombined and directed to a 45 tilted polarizer
through the circulator and a PC. Thus, the phase dierence between the CLW and CCW waves
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are converted to optical intensity. The generated RZ-DPSK signal at the wavelength of 1552 nm
is filtered by an OBPF and then amplified by an EDFA with another OBPF. The signal is then
injected into the demodulator (Demod) and the balanced photo-diode (BPD). The BER-tester
(BERT) is used to measure the BER characteristics of the converted RZ-DPSK signal.
3.3 Experimental Results and Discussions
Figure 3.4 shows the optical signal spectra of the signals. The spectrum of the input NRZ-DPSK
signal before the format conversion is shown in Fig. 3.4(a), whereas the spectrum of the con-
verted RZ-DPSK signal after the format conversion is shown in Fig. 3.4(b). It is clearly shown
that the converted RZ-DPSK signal preserves the same wavelength of 1552 nm of the input NRZ-
DPSK signal. That means, after format conversion, the wavelength of the converted RZ-DPSK
signal remains at the original input-signal-wavelength. A sampling electrical oscilloscope with
the bandwidth of 30 GHz is used to observe the eye diagrams of the input NRZ-DPSK and the
converted RZ-DPSK signal with dierent pulsewidths. The eye diagrams of the input modulated
and demodulated NRZ-DPSK signals are shown in Fig. 3.5(a) and 3.5(b). The BPD has the
limited bandwidth of 17 GHz, and the measured waveforms are deeply related with the config-
uration of the BPD. On the other hand, the converted modulated RZ-DPSK signals for various
delay settings are shown in 3.6. The converted modulated signal with the pulsewidths of 30, 40,
50, and 60 ps are shown in Figs. 3.6(a), 3.6(b), 3.6(c), and 3.6(d), respectively. With the large
time delay settings, the output pulsewidth of the converted RZ-DPSK signal is broadened. It is
mentioned earlier that the input NRZ-DPSK signal is generated by using a phase modulator and
the typical eye diagrams of the input NRZ-DPSK signal for that phase modulator is observed
in our scheme. Thus, the converted RZ-DPSK signal from that input NRZ-DPSK signal has
also typical waveforms. The eye diagrams of the converted demodulated RZ-DPSK signal with
various delay settings are shown in Fig. 3.7. Figures 3.7(a), 3.7(b), 3.7(c), and 3.7(d) show
the converted demodulated RZ-DPSK signal with the pulsewidths of 30, 40, 50, and 60 ps, re-
spectively. These eye diagrams of the converted demodulated signal with various time delay
settings are observed almost invariant in Fig. 3.7, owing to the limited bandwidth of the BPD
with 17 GHz. The BER characteristics of the input NRZ-DPSK and the converted RZ-DPSK
signal is shown in Fig. 3.8. Here, we observe the signal degradation with dierent pulsewidths
from the BER characteristics by looking at the receiver sensitivity. The converted RZ-DPSK
signals with 30 ps, 40 ps, 50 ps, and 60 ps delay settings have the negative power penalties
of 1.5 dB, 1.3 dB, 1 dB, and 0.7 dB, respectively than the input NRZ-DPSK signal at BER =
10 9. The negative power penalties are attributable to the improved receiver sensitivity of RZ-
DPSK signal compared with NRZ-DPSK signal, because the sensitivity of the RZ-DPSK signal
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Figure 3.4 Optical signal spectra. (a) input NRZ-DPSK signal spectrum before the format
conversion and (b) converted RZ-DPSK signal spectrum after the format conversion.
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Figure 3.5 The eye diagrams of input NRZ-DPSK signal in the cases of (a) modulated signal
and (b) demodulated signal.
is inherently better than that of the NRZ-DPSK signal [27]. Though, we can not measure the
actual pulsewidths of the converted demodulated signal in Fig. 3.7 due to the limited bandwidth
of the BPD, the clear and opening eye diagrams of demodulated signal in Fig. 3.7 show high
conversion performance. On the other hand, we check the various pulsewidths of the converted
RZ-DPSK signal shown in Fig. 3.6 with the 30 GHz bandwidth electrical sampling oscilloscope.
The pulsewidth tunability of 30 to 60 ps during the format conversion using SOA based switch
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(a) 30 ps (b) 40 ps
(c) 50 ps (d) 60 ps
50 ps/div
Figure 3.6 The eye diagrams of converted modulated RZ-DPSK signal with various delay
settings.
(a) 30 ps (b) 40 ps
(c) 50 ps (d) 60 ps
50 ps/div
Figure 3.7 The eye diagrams of converted demodulated RZ-DPSK signal with various delay
settings.
is achieved. However, format conversions using the SOA based loop have been done for OOK
signals in some literatures, such as in Refs. [12, 26]. Nevertheless the pulsewidth tunability was
not demonstrated in Ref. [12], what was mentioned earlier. On the other hand, In Ref. [26],
OOK format conversion has been demonstrated with pulsewidth tunable operation. There is an
optimum range of pulsewidth for the converted data. In Ref. [26], the converted RZ signals with
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Figure 3.8 BER characteristics of input NRZ-DPSK and converted RZ-DPSK signal.
dierent pulsewidths of 20, 40, 60 and 80 ps was detected. However, for the DPSK signal in
this proposed finding, the pulsewidth of the converted signal is tuned from 30 to 60 ps where
the tuning range is comparatively smaller than that for OOK signals in Ref. [26]. This might be
owing to the complexity using the phase modulated signals in this scheme. On the other hand,
the minimum pulsewidth for the scheme depends on the pulsewidth of RZ clock. The negative
power penalties of 1.5 dB, 1.3 dB, 1 dB, and 0.7 dB are obtained for the converted RZ-DPSK
signal for dierent pulsewidths whereas, the negative power penalties of 1.7 dB, 1.6 dB, 1.4 dB,
and 1.2 dB are obtained for the converted RZ signal for dierent pulsewidths in Ref. [26]. The
pulsewidths of 30, 40, 50, and 60 ps are not very suitable for high-bitrate OTDM systems like
for 40 Gb/s or 160 Gb/s OTDM systems. However, the bitrate of the OTDM signals should be
lower near the access networks to cope with the lower bitrates for the subscriber sides. Moreover,
due to narrow spectral bandwidth and high timing jitter tolerance of large pulsewidths compared
to short pulsewidths, larger pulsewidths may be better than shorter pulsewidths for interfacing
lower speed electronics [12]. In this proposed detection, the pulsewidths are tuned within a
wider operating range. The more wider tuning range of the pulsewidth may also be possible if
a narrower width input clock is used. We believe that, the combination of pulsewidth tunability
and wavelength-shift-free operations during NRZ-DPSK to RZ-DPSK format conversion will be
very useful for future photonic networks. Since three important functions; format conversion,
pulsewidth tunability, and maintaining original wavelength are equipped together in this scheme,
the scheme can increase the network performances by eliminating the bottleneck of O-E-O con-
version, coping with dierent situations and nonlinear plus dispersion management of optical
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signal based networks.
3.4 Summary
In this chapter, all-optical NRZ-DPSK to RZ-DPSK format conversion with pulsewidth tunable
and wavelength-shift-free operations is demonstrated experimentally for the first time. The for-
mat conversion is done by using the SOA-based Sagnac interferometer switch. The pulsewidth
of the converted RZ-DPSK signal is tuned from 30 to 60 ps and the clear eye diagrams of the
converted signal with various delay settings are observed. The better receiver sensitivities of
the converted RZ-DPSK signal with various time delay settings compared with the input NRZ-
DPSK signal prove high quality format conversion with pulsewidth tunable operation. More-
over, the measured optical spectra of input NRZ-DPSK and converted RZ-DPSK signals show
the wavelength-shift-free operation during the format conversion in this scheme.
56
References
[1] A. H. Gnauck and P. J. Winzer, “Optical Phase-Shift-Keyed Transmission,” IEEE Journal of
Lightwave Technology, vol. 23, no. 1, pp. 115–130, January 2005.
[2] A. F. Elrefaie and R. E. Wagner, “Chromatic Dispersion Limitations for FSK and DPSK
Systems with Direct Detection Receivers,” IEEE Photonics Technology Letters, vol. 3, no. 1,
pp. 71–73, January 1991.
[3] O. K. Tonguz and R. E. Wagner, “Equivalence Between Preamplified Direct Detection and
Heterodyne Receivers,” IEEE Photonics Technology Letters, vol. 3, no. 9, pp. 835–837,
September 1991.
[4] J.-K. Rhee, D. Chowdhury, K. S. Cheng, and U. Gliese, “DPSK 32  10 Gb/s Transmission
Modeling on 5  90 km Terrestrial System,” IEEE Photonics Technology Letters, vol. 12,
no. 12, pp. 1627–1629, December 2000.
[5] T. Mizuochi, K. Ishida, T. Kobayashi, J. Abe, K. Kinjo, K. Motoshima, and K. Kasahara,
“A Comparative Study of DPSK and OOK WDM Transmission Over Transoceanic Dis-
tances and Their Performance Degradations Due to Nonlinear Phase Noise,” IEEE Journal
of Lightwave Technology, vol. 21, no. 9, pp. 1933–1943, September 2003.
[6] O. Vassilieva, T. Hoshida, S. Choudhary, G. Castanon, H. Kuwahara, T. Terahara, and H.
Onaka, “Numerical comparison of NRZ, CS-RZ and IM-DPSK formats in 43Gbit/s WDM
transmission,” in Proceedings of 14th Annual Meeting IEEE LEOS, pp. 673-674, November
2001.
[7] M. Nakazawa, “Solitons for Breaking Barriers to Terabit/Second WDM and OTDM Trans-
mission in the Next Millennium,” IEEE Journal of Selected Topics of Quantum Electronics,
vol. 6, no. 6, pp. 1332–1343, November/December 2000.
[8] B. J. Eggleton, A. Ahuja, P. S. Westbrook, J. A. Rogers, P. Kuo, T. N. Nielsen, and B.
Mikkelsen,“Integrated Tunable Fiber Gratings for Dispersion Management in High-Bit Rate
57
REFERENCES
Systems,” IEEE Journal of Lightwave Technology, vol. 18, no. 10, pp. 1418–1432, October
2000.
[9] H.-G. Weber, R. Ludwig, S. Ferber, C. S.-Langhorst, M. Kroh, V. Marembert, C. Boerner,
and C. Schubert, “Ultrahigh-Speed OTDM-Transmission Technology,” IEEE Journal of
Lightwave Technology, vol. 24, no. 12, pp. 4616–4627, December 2006.
[10] J. Lasobras, A. Villafranca, L. Martinez, R. Escorihuela, F. Lo´pez, R. Alonso, and I. Garce´s,
“10 Gb/s NRZ-DPSK and RZ-DPSK Analysis based on Complex Spectrum Measurement,”
in Proceedings of Optical Fiber Communication Conference (OFC), JThA50, 2009.
[11] D. Norte and A. E. Willner, “All-Optical Data Format Conversions and Reconversions
Between the Wavelength and Time Domains for Dynamically Reconfigurable WDM Net-
works,” IEEE Journal of Lightwave Technology, vol. 14, no. 6, pp. 1170–1182, June 1996.
[12] C. G. Lee, Y. J. Kim, C. S. Park, H. J. Lee, and C.-S. Park, “Experimental Demonstration of
10-Gb/s Data Format Conversions Between NRZ and RZ Using SOA-Loop-Mirror,” IEEE
Journal of Lightwave Technology, vol. 23, no. 2, pp. 834–841, February 2005.
[13] X. Wei, Y. Su, X. Liu, J. Leuthold, and S. Chandrasekhar, “10-Gb/s RZ-DPSK Transmit-
ter Using a Saturated SOA as a Power Booster and Limiting Amplifier,” IEEE Photonics
Technology Letters, vol. 16, no. 6, pp. 582–584, June 2004.
[14] K. Chan, C.-K. Chan, L. K. Chen, and F. Tong, “Mitigation of Pattern-Induced Degradation
in SOA-Based All-Optical OTDMDemultiplexers by Using RZ-DPSKModulation Format,”
IEEE Photonics Technology Letters, vol. 15, no. 9, pp. 1264–1266, September 2003.
[15] Y. Yu, B. Zou, W. Wu, and X. Zhang, “All-optical parallel NRZ-DPSK to RZ-DPSK format
conversion at 40 Gb/s based on XPM eect in a single SOA,”Optics Express, vol. 19, no. 15,
pp. 14720–14725, July 2011.
[16] J. Wang, J. Sun, X. Zhang, D. Liu, and D. Huang, “Proposal and simulation for all-optical
format conversion between dierential phase-shift keying signals based on cascaded second-
order nonlinearities,” Optics Communications, vol. 281, no. 19, pp. 5019–5024, October
2008.
[17] L.-S. Yan, S. M. R. M. Nezam, A. B. Sahin, J. E. McGeehan, T. Luo, Q. Yu, and A. E. Will-
ner, “Enhanced Robustness of RZ WDM Systems Using Tunable Pulse-Width Management
at the Transmitter,” Proceedings of 28th European Conference on Optical Communications
(ECOC 2002), pp. 10.6.2, September 2002.
58
REFERENCES
[18] A. Sano, Y. Miyamoto, T. Kataoka, and K. Hagimoto, “Long-Span Repeaterless Transmis-
sion Systems with Optical Amplifiers Using Pulse Width Management,” IEEE Journal of
Lightwave Technology, vol. 16, no. 6, pp. 977–985, June 1998.
[19] B. Zhang, H. Zhang, C. Yu, X. Cheng, Y. K. Yeo, P.-K. Kam, J. Yang, H. Zhang, Y.-H.
Wen, and K. -M. Feng, “An All-Optical Modulation Format Conversion for 8QAMBased on
FWM in HNLF,” IEEE Photonics Technology Letters, vol. 25, no. 4, pp. 327–330, February
2013.
[20] G.-W. Lu, E. Tipsuwannakul, T. Miyazaki, C. Lundstro¨m, M. Karlsson, and P. A. Andrek-
son, “Format Conversion of Optical Multilevel Signals Using FWM-Based Optical Phase
Erasure,” IEEE Journal of Lightwave Technology, vol. 29, no. 16, pp. 2460–2466, August
2011.
[21] C. Yu, T. Luo, B. Zhang, Z. Pan, M. Adler, Y. Wang, J. E. McGeehan, and A. E. Willner,
“Wavelength-Shift-Free 3R Regenerator for 40-Gb/s RZ System by Optical Parametric Am-
plification in Fiber,” IEEE Photonics Technology Letters, vol. 18, no. 24, pp. 2569–2571,
December 2006.
[22] M. Matsuura, B. P. Samarakoon, and N.Kishi, “Wavelength-shift-free adjustment of the
pulsewidth in return-to-zero on-o keyed signals by means of pulse compression in dis-
tributed Raman amplification,” IEEE Photonics Technology Letters, vol. 21, no. 9, pp. 572–
574, May 2009.
[23] L. J. Richardson, V. K. Mezentsev and S. K. Turitsyn, “Limitations of 40 Gbit/s based
dispersion managed WDM transmission: solitons versus quasi-linear propagation regime,”
Proceeding of Optical Fiber Communication Conference (OFC), MF5, 2001.
[24] D. Kovsh, E.A. Galovchenka, and A.N. Pilipetskii, “Enhancement In Performance of Long-
Haul DWDM Systems via Optimization of the Transmission Format,” Proceedings of Opti-
cal Fiber Communication Conference (OFC), WX2, 2002.
[25] M. Matsuura and N. Kishi, “All-optical wavelength and pulse-width conversions with a
Sagnac interferometer semiconductor-based switch,” Optics Letters, vol. 28, no. 2, pp. 132–
134, January 2003.
[26] H. N. Tan, M. Matsuura, and N. Kishi, “Transmission performance of a wavelength and
NRZ-to-RZ format conversion with pulsewidth tunability by combination of SOA- and fiber-
based switches,” Optics Express, vol. 16, no. 23, pp. 19063–19071, November 2008.
59
REFERENCES
[27] J.-X. Cai, C. R. Davidson, D. G. Foursa, L. Liu, Y. Cai, B. Bakhshi, G. Mohs, W. W.
Patterson, P. C. Corbett, A. J. Lucero, W. Anderson, H. Li, M. Nissov, A. N. Pilipetskii, and
N. S. Bergano, “Experimental Comparison of the RZ-DPSK and NRZ-DPSK Modulation
Formats,” Proceedings of Optical Fiber Communication Conference (OFC), OThOl, 2006.
60
Chapter 4
Polarization Insensitive
NRZ-OOK-to-RZ-OOK Signal Conversion
with Pulsewidth Tunability
This chapter represents the polarization-insensitive non-return-to-zero-on-o-keying (NRZ-OOK)-
to-pulsewidth tunable return-to-zero-OOK (RZ-OOK) signal conversion based on a Raman am-
plifier (RA)-based pulse compressor and a fiber-based NRZ-OOK to-RZ-OOK converter. The
polarization-insensitive format conversion is achieved by using the nonlinear eect four-wave
mixing (FWM) in highly-nonlinear fiber (HNLF) inside the polarization diversity loop. On the
other hand, the pulsewidth tunable operation is done by using the RA-based pulse compressor.
This chapter is organized as follows: First, the background and purpose of the work in section
4.1. The section 4.2 presents operation principle and experimental setup for the conversion. The
experimental results and discussion are described in section 4.3. Finally, section 4.4 summarizes
the main results of the chapter.
4.1 Introduction
Wavelength-division multiplexing (WDM) and optical time-division multiplexing (OTDM) are
very important multiplexing techniques for fulfilling the requirements of huge trac, which is
increasing day by day [1]. In future photonic networks, a combination of WDM and OTDM
networks, and signal conversion between WDM and OTDM systems are required. On the other
hand, the on-o-keying (OOK) format is considered as an attractive modulation format owing
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to its simplicity. The non-return-to-zero-OOK (NRZ-OOK) format is widely used in WDM sys-
tems for some of its advantages, such as its relatively high spectral eciency, high dispersion,
and high timing jitter tolerance. On the other hand, the return-to-zero-OOK (RZ-OOK) format
is popularly utilized in OTDM systems [2]. Thus, NRZ-OOK-to-RZ-OOK format conversion
has become very important and interesting to study for interfacing between WDM and OTDM
systems. Many techniques have been demonstrated for NRZ-OOK-to-RZ-OOK format con-
version; such techniques include those using a Mach-Zehnder delayed interferometer (MZ-DI)
[3, 4], a semiconductor optical amplifier (SOA)-loop mirror [5], a single SOA [6, 7], an optical
filter [8], a phase modulator [2, 9], and a combination of SOA and fiber-based switches [10].
In NRZ-OOK-to-RZ-OOK format conversion, there are two important functions to be consid-
ered. The first one is polarization-insensitive operation. When a signal propagates through an
installed fiber, the state of polarization (SOP) of the signal is changed. Thus, in real deployment,
polarization-insensitive operation will be indispensable [11]. The other important function is
pulsewidth tunability. In OTDM systems, the optimum pulsewidth is determined by the bit rate.
Hence, the pulsewidth of OTDM systems should be flexibly tuned in a wider operating range
according to the bit rate. An ultrashort pulsewidth is required for the data rate of an OTDM
signal to avoid time-channel crosstalk from overlapping parts of neighboring pulses after multi-
plexing. Therefore, a high-quality optical picosecond pulse source is an important parameter for
OTDM systems. For example, the pulsewidth for 160 Gbit/s OTDM transmission is estimated to
be less than 2.5 ps supposing a maximum width of 40% of the time slot [12]. Various features,
such as nonlinearity and dispersion tolerance, mostly depend on the pulsewidth of the signals;
thus, pulsewidth tunability without intersymbol interference between adjacent pulses is required
to optimize the waveform of the signals in existing transmission systems. Moreover, owing to
the rapid change in the polarization of the signals with time, a polarization-insensitive opera-
tion is required in OTDM systems for optimum performance in realistic situations. The fused
fiber coupler is usually used for conventional OTDM systems. However, the performance of the
fused coupler deteriorates owing to polarization fluctuation [13]. Hence, the coupler distributes
unstable powers to the neighboring multiplexed pulses, resulting in polarization dependence.
Moreover, the SOP of the OTDM data signal is usually unknown at the input of the optical
receiver after installed fiber transmission and is easily changed by the system operation con-
ditions [14]. Hence, studying the pulsewidth tunability and the polarization eects in OTDM
systems is essential for optimum performance. References [2, 6], and [8–10] were based on the
pulsewidth-tunable operation of converted RZ signals. However, in these works, it was very
dicult to make the RZ signals ultrashort with a few, such as 2 picosecond pulsewidth, which
is required for high-speed OTDM systems. Although NRZ-OOK-to-RZ-OOK format conver-
sion with picosecond-duration tunable and pedestal-suppressed operation was also achieved in
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ref. [15], polarization-insensitive operation was not possible. To the best of our knowledge,
no polarization-insensitive NRZ-OOK-to-RZ-OOK format conversion with pulsewidth tunabil-
ity has been reported so far.
The main target of the study is to promote the OTDM technology with the format conversion
for the combination of WDM and OTDM systems. As mentioned earlier with a number of refs.,
many research group have demonstrated the pulsewidth tunability for the converted RZ signal,
however these are not suitable for high-speed OTDM systems, for example 160 Gb/s or beyond.
Moreover pedestal free operation [15] can support the OTDM systems as the intersymbol inter-
ference (ISI) can arise due to the pedestal components of the pulse. The pedestal components can
be suppressed owing to the input-output characteristics of the four-wave mixing (FWM) process.
The benefits of the proposal can be realized from the consequence that the minimum 2 ps con-
verted RZ signal is achieved from a 10 Gb/s NRZ data, which is suitable for WDM systems. The
RZ signal with the pulsewidth of 2 ps is suitable for the 160 Gb/s OTDM systems. Moreover, the
pulsewidth of the converted RZ signal is tunable so that it can be implemented for the OTDM
systems with the dierent bitrates. Thus, it is very interesting to get dierent tunable short
pulsewidth from comparatively lower bitrate signals. On top of that, since the format conver-
sion is based on FWM eect, the wavelength of the converted signal is changed, which is also an
important feature. For example, if the wavelength 1 of the NRZ data inWDM system is not suit-
able for the OTDM system which needs the converted RZ data, wavelength conversion is needed
to avoid the network congestion. It may happen that there is no port vacant for the wavelength 1
in OTDM system. Therefore, the converted wavelength 2 may be needed if the port for 2 is free
to use. In addition, polarization insensitive data format conversion with ultra-short pulsewidth
tunability can promote the OTDM systems as polarization insensitive operation is essential for
OTDM systems mentioned earlier. The format conversion with pulsewidth tunability and the
polarization insensitive operation during the format conversion have been demonstrated, how-
ever separately. Combination of these two features could add some significant improvements for
OTDM technology. The format conversion with pulsewidth tunability and the polarization insen-
sitive operation during format conversion have been demonstrated, however separately. Combi-
nation of these two features could add some significant improvements for OTDM technology. In
this study, polarization-insensitive NRZ-OOK-to-RZ-OOK format conversion with pulsewidth
tunability is demonstrated for the first time by using a Raman amplifier (RA)-based pulse com-
pressor, which is based on an adiabatic pulse compression method [16]. Polarization-insensitive
NRZ-to-RZ conversion is achieved with the FWM eect in a highly nonlinear fiber (HNLF) in
a polarization diversity loop. In this scheme, the pulsewidth of the converted RZ-OOK signal is
tuned flexibly by adjusting the pump power of the Raman amplifier. Our scheme has the advan-
tages of fast switching characteristics of the HNLF and good-quality tunable compressed pulses.
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The pulse pedestals generated in the RA-based pulse compressor are suppressed in FWM-based
switches in an HNLF owing to the property of the FWM process [15], in which the compressed
RZ clock is set up as a pump signal. The measured traces of the converted RZ-OOK signals
are fitted by sech2 fitting and there is no pedestal component in the well-matched waveforms.
Even if we change the pulsewidth, similar characteristics are obtained. The bit error rate (BER)
characteristics of the NRZ and converted RZ-OOK signals show high-quality pulse compression
with polarization insensitivity. As NRZ-OOK and RZ-OOK signals are usually said “NRZ and
RZ signals”, in this chapter NRZ-OOK and RZ-OOK signals are written as “NRZ” and “RZ”
signals for the simplicity.
4.2 Operation Principle and Experimental Setup
The schematic diagram of the NRZ-to-RZ converter is shown in Fig. 4.1. It consists of an RA-
based pulse compressor and an NRZ-to-RZ converter, which acts as an AND gate. The input
RZ clock is compressed by the RA-based pulse compressor. The compressed RZ clock and the
input NRZ signal enter the NRZ-to-RZ converter, which consists of a polarization diversity loop.
The AND logic operation is based on the FWM in the HNLF of the diversity loop. Polarization-
insensitive wavelength conversion for a polarization shift keying (PoLSK) signal based on the
FWM in the HNLF has been demonstrated in ref. [17]. The detailed theoretical explanation of
SOP preservation, the functions, and the advantages of polarization diversity are well described
in that reference. The FWM switch is eective for pulse pedestal suppression generated in the
RA-based pulse compressor because PFWM is proportional to the square of Ppump, as seen in the
following expression [18]:
PFWM = 2P2pumpPsige L
"
(1  e L)2
2
#
; (4.1)
where PFWM, , and  are the power of the newly generated FWM signal, the FWM eciency,
and the nonlinear coecient of the fiber, and Ppump and Psig are the powers of the pump and
probe signals of the FWM, respectively.  and L are the attenuation coecient and the length
of the fiber, respectively. In the FWM process, the compressed RZ clock pulse train is set as the
pump signal. The power of the converted RZ signal has a quadratic dependence on the power of
the compressed RZ clock. Thus, the input-output characteristic of the FWM process leads to an
extinction ratio improvement, resulting in pulse pedestal suppression.
The experimental setup of NRZ-to-RZ conversion is shown in Fig. 4.2. An external cavity
laser (ECL) and an electro-absorption modulator (EAM) are used to generate a 10 GHz RZ clock
at a wavelength of 1552.5 nm. The RZ clock is a sech2-shaped pulse of 17 ps. The wavelength
of the RZ clock is chosen to match the zero-dispersion wavelength of the HNLF used in the
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Figure 4.1 Scheme of polarization-insensitive NRZ-to-RZ conversion.
diversity loop, which is described later. An erbium-doped fiber amplifier (EDFA) is employed at
the output of the RZ clock generator to compensate the insertion loss for the EAM and to adjust
the fundamental soliton power condition of the RA-based pulse compressor. The average input
power of the RA-based pulse compressor is set to 6.2 dBm. The optical band pass filter (OBPF)
at the output of the EDFA is employed to suppress the amplified spontaneous emission (ASE)
noise generated by the EDFA. By using a tunable dispersion-compensating module (TDCM), the
negative chirp of the RZ clock is suppressed before it entered the RA-based pulse compressor.
The pulse compressor consists a 17 km dispersion-shifted fiber (DSF) and a wavelength-tunable
Raman laser (TRL) for the Raman pump in the counterpropagating direction using a WDM
coupler. The DSF with its characteristics was described in Table 4.1.
Table 4.1 Characteristics of dispersion-shifted fiber (DSF).
Parameter Value Unit
Length 17 km
Dispersion at 1552 nm 3.8 ps/nm/km
Dispersion slope at 1552 nm 0.059 ps/nm2/km
Attenuation 0.197 dB/km
The wavelength of the tuning range of the TRL is between 1425 and 1495 nm. To obtain
high-quality compression performance, the wavelength of the Raman pump is optimized at 1452
nm. When the Raman pump power is increased, the pulsewidth of the RZ clock is compressed
because the soliton condition is maintained in the DSF during the amplification [16]. Therefore,
by changing the Raman pump power, the pulsewidth of the converted RZ signal can be tuned.
A 10 Gb/s NRZ signal at a wavelength of 1558.2 nm is generated with an ECL and a LiNbO3
modulator (LNM). The NRZ data is modulated by a pseudorandom bit sequence (PRBS) with a
pattern length of 231 1. The polarization controller (PC) at the output of the NRZ signal is used
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Figure 4.3 Output FWM spectra of input data signal propagated with pump signal.
to evaluate the polarization-insensitive performance by splitting the power equally and changing
the power ratio of the signal randomly. The power ratio of the control (pump) signal remains the
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of converted RZ signals.
same (50:50) under all conditions. A 3 dB coupler was used in front of the polarization diversity
loop to couple the RZ clock and the input NRZ signal. The polarization diversity loop consists
of a polarization beam splitter (PBS), a PC to control the SOP of the output signal, and a 500 m
HNLF. The HNLF with its characteristics are described in Table 4.2.
Table 4.2 Characteristics of highly-nonlinear fiber (HNLF).
Parameter Value Unit
Length 500 m
Dispersion at 1552 nm -0.08 ps/nm/km
Dispersion slope at 1552 nm 0.032 ps/nm2/km
Attenuation 0.47 dB/km
Nonlinear coecient () 12.6 W 1.km 1
Aective area (Ae f f ) 11  m2
The signals enter the PBS and propagate in both directions inside the loop before entering
the HNLF, because the PBS splits the power of the coupled signals in both directions of the
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loop. Figure 4.3 shows the output FWM spectra of the input data signal propagated with the
pump signal in the HNLF. It is not possible to preserve the SOP on both of the converted spectral
components at frequencies of 2!p -!s and 2!s -!p, by using a simple FWMprocess [19], where
!p and !s are the pump and signal frequencies, respectively. Hence, a polarization diversity
scheme is employed to achieve polarization-insensitive format conversion. The diversity scheme
used in our works is similar to that previously used for PoLSK signals, where the preservation
of the SOP of the input PoLSK signal on both of the converted spectral components of the FWM
spectrum is achieved [17]. In the diversity scheme, the following equations are satisfied for the
power of the converted signals at frequencies of 2!p - !s and 2!s - !p: [19].
P(2!p !s) =
"

 
Pp
2
!
Le f f
#2
Psr(!p !s)e L ; (4.2)
P(2!s !p) =
h
PsLe f f
i2   Pp
2
!
r(!p !s)e L 
h
sin4+ cos4
i
; (4.3)
where Pp, Ps, , L, Le f f , r(!p !s), , , and  are the pump power, signal power, attenuation
coecient, fiber length, eective fiber length, relative conversion eciency coecient, FWM
eciency, nonlinear coecient, and the angle between one of the orthogonal components of
the pump and the input signal, respectively. The output of Eq. 4.2 is employed in our scheme,
because 2!p - !s performs better than 2!s - !p in terms of polarization insensitivity [19], since
the term [ sin4+cos4 ] of Eq. 4.3 fluctuates with the change in signal polarization. The FWM-
generated RZ signal at the wavelength of 1546.8 nm was filtered by two cascaded OBPFs with a
3 dB bandwidth of 3 nm and then amplified by an EDFA and an OBPF with 3 nm bandwidth to
detect the signal. To measure the spectrum and pulsewidth of the signals, a spectrum analyzer and
an autocorrelator are used. A 30-GHz-bandwidth sampling oscilloscope is also used to monitor
the eye pattern of the signals. A 10 Gb/s error detector is employed for BER measurement.
4.3 Experimental Results and Discussions
The PC at the output of the NRZ signal is used to evaluate the polarization insensitivity of NRZ-
to-RZ conversion. In actual deployment, during the propagation of signals, the SOP is changed.
In order to emulate such a real situation, the SOP of the NRZ signal is changed by moving the
paddles (a quarter-wave plate, a half-wave plate, and a quarter-wave plate) of the PC to change
the splitting ratio. First, the power of the signal is adjusted by using the PC to split it equally
(splitting ratio is 50:50), which is the unity power ratio. In this case, the  of the signal is 45 with
respect to the PBS axis. The coupled signals at the output of the coupler with the same power
ratio as the NRZ signal enter the PBS and propagated in both clockwise and counterclockwise
directions inside the loop before entering the HNLF, and the signals induce the FWM eect in the
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Figure 4.5 Controlled pulsewidth of the converted RZ signal as a function of Raman pump
powers.
HNLF in the loop and the RZ signal is generated. Subsequently, the power of the NRZ signal is
adjusted to a 70:30 splitting ratio. In this case, the power ratio of the signal is not unity. However,
in both cases, the power ratios of the converted RZ signals are the same owing to the same power
ratio of the pump signal in both directions. Thus, the power ratio of 100:0 or 0:100 of the NRZ
signal should also show the same performance. Figure 4.4 shows the BER characteristics of the
input NRZ and converted 10 ps RZ signals with the unity (50:50) and nonunity (70:30) power
ratios of the NRZ signal. The power penalty between the converted RZ signals with the unity
and nonunity power ratios at BER =10 9 is less than 0.2 dB, which is very small because of
the polarization insensitivity. Clear eye openings are observed in both cases. Figure 4.5 shows
the controlled pulsewidth of the converted RZ signal as a function of Raman pump power. The
pulsewidth of the converted RZ signal is tuned from 10 to 2 ps by changing the power of the
Raman pump from 0.5 to 0.8 W, and the measured autocorrelation traces of the converted 10
and 2 ps compressed RZ signals are shown in Figs. 4.6 and 4.7, respectively. These traces are
fitted by sech2 fitting and the waveforms are well matched without pedestal components. The
pedestal components are suppressed due to the input-output characteristics of the FWM process,
resulting in the extinction ratio improvement. The extinction ratio is improved because of the
quadratic dependence of the converted RZ data on the power of the compressed RZ clock shown
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in Eq. 6.1. Such quality of the obtained signals is also obtained at other values of Raman pump
power. Error free operation cannot be achieved for less than 2 ps pulsewidth. To attain less than
2 ps, the Raman pump power is needed to increase more. However, if Raman pump power is
larger than 1 W, the pulse waveform is significantly distorted owing to the deviance from the
adiabatic condition [15]. The obtained pulsewidths from 10 to 2 ps of the converted RZ signals
are suitable for the dierent bitrates of the OTDM systems. For example, the pulsewidth of 10
ps is suitable for the 40 Gb/s OTDM system and the pulsewidth of 2 ps is appropriate for the
160 Gb/s OTDM systems. Thus, the converted RZ signal from the 10 Gb/s NRZ signal can
be applied to dierent OTDM systems by tuning its pulsewidths according to the bitrates of the
OTDM systems. Figure 4.8 shows the BER characteristics of the NRZ and converted RZ signals.
The converted RZ signals have higher receiver sensitivities than the NRZ signal by about 1 dB.
This is due to the receiver sensitivity of the RZ signal being higher than that of the NRZ signal
and the high conversion performance of the scheme [10]. The 2 ps converted RZ signal has a
higher receiver sensitivity than the 10 ps converted RZ signal, which is less than 0.2 dB. Clear
eye openings show good performance for the converted signals with short-duration pulses.
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4.4 Summary
We demonstrate polarization-insensitive NRZ-to-RZ conversion with short-pulsewidth tunable
operation. The power penalty between the signals with the unity (50:50) and nonunity (70:30)
power ratios is less than 0.2 dB, which proved polarization-insensitive operation. The pulsewidth
of the converted RZ signal can be tuned from 10 to 2 ps by changing the Raman pump power.
We obtain the minimum pulsewidth of the converted RZ signal, which is 2 ps, from 10 Gb/s NRZ
data. The obtained 2 ps RZ signal is suitable for the time slot of 160 Gb/s OTDM systems.
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Chapter 5
Wavelength Conversion of RZ-DPSK
Signal with Pulsewidth Tunability
Wavelength conversion of return-to-zero dierential-phase-shift-keying (RZ-DPSK) signal with
the pulsewidth tunable operation is demonstrated in this chapter. The wavelength of the input
RZ-DPSK signal is converted to new wavelengths owing a highly-nonlinear fiber (HNLF)-based
four-wave mixing (FWM) switch. On the other hand, the pulsewidth of the wavelength converted
RZ-DPSK signal is tuned from 10 to 3 ps by using the ultra-short pulse source based on Raman
amplifier (RA)-based compression. The bit-error rate (BER) characteristics of the input RZ-
DPSK and the wavelength converted RZ-DPSK signals with dierent pulsewidths are measured
and error free operation is achieved for all cases. The optical spectra, autocorrelation traces, clear
and opening eye diagrams show good show good quality wavelength conversion with wide-range
pulsewidth tunability.
This chapter is constructed as follows: First, the background and purpose of the work in
section 5.1. The section 5.2 presents the experimental setup for the wavelength conversion with
pulsewidth tunability. The experimental results and discussion are presented in section 5.3. Fi-
nally, section 5.4 summarizes the main results of the chapter.
5.1 Introduction
Wavelength conversion is an attractive technique for future wavelength-division-multiplexing
(WDM) systems to optimize the network performance by avoiding the network congestion with-
out employing further network paths or packet buering[1, 2]. On the other hand, nowadays, the
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dierential phase shift keying (DPSK) format is considered as a promising modulation format for
future photonic networks owing to its 3 dB higher receiver sensitivity than that of on-o-keying
(OOK) format [3]. Because of the higher receiver sensitivity and nonlinear tolerance compared
with OOK format, recently the DPSK format receives great attentions for future high-speed pho-
tonic networks [4, 5]. Since, OOK formats are very popular for WDM and optical-time-division
multiplexing (OTDM) systems due to their simplest configurations, combination of OOK and
phase modulated signals, specially return-to-zero (RZ)-DPSK signal can be useful for ultra-
high-speed OTDM networks [6]. Thus, wavelength conversion of RZ-DPSK signal seems to be
very interesting due to its great influences in future high-speed photonic systems [7–9]. Among
some techniques for wavelength conversion, the four-wave mixing (FWM) process is considered
as a potential technique because of its some advantages such as bit-rate and modulation format
transparency [10] and elimination of optical-electronic-optical (O-E-O) conversion. Moreover,
the signal degradation is negligible in FWM due to the little noise or chirping eect and the
optical filters for suppressing the unwanted lights are low cost, low loss and well-matched with
the standard transmitting fiber [11]. Thus, FWM is suitable for both OOK and phase modulated
signals for the wavelength conversion [12]. Ecient wavelength conversion using FWM needs
atleast a pump signal with high power for energy transfer to the idler waves during propagating
with a probe signal in a highly-nonlinear media. For the degenerate FWM eect, the powers
of the converted signals with the wavelengths of 2!p - !s and 2!s - !p are satisfied. Usually
the continuous waves (CWs) are used as pumps for wavelength conversion of signals [8, 9] for
the simplicity avoiding extra modulators. However, wavelength conversion for RZ-DPSK signal
have also been demonstrated in some works, where the RZ pulse trains were employed as pumps
[13, 14]. The advantages of pulse train over CW have been mentioned in these works such as the
spectrum of the pulse train is broader than CW and it is potential for 3R generation (reamplify-
ing, reshaping, and retiming) [13]. Another great advantage of pulse train over CW is that, CW
needs phase modulation to suppress the Stimulated Brillouin Scattering (SBS) eect [13, 15] and
this phase modulation creates the phase noise to the newly generated signals. Thus, it seems that
RZ pulse trains may be more eective than CW pumps for these reasons. On the other ways,
the pulsewidth of a signal plays very important roles owing to its influences on some features,
such as dispersion and nonlinearity tolerances. These eects degrade the the signal qualities and
need some tradeos to eliminate the problems. However, changing the parameters of existing
infrastructure is not feasible. Hence, to solve the problems, the solution may be the tunability
and flexibility with the existing systems for variable situations. The concept of changing the
pulsewidth may have come based on it to optimize the transmission systems for dierent situ-
ations. Hence, pulsewidth tunability without intersymbol interference between the neighboring
pulses is essential [16, 17]. In addition, the optimum pulsewidth of OTDM systems is chosen
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by its bitrate. Thus, the pulsewidth for the OTDM systems should be tuned in a wider operating
range for applying to OTDM systems with the arbitrary bitrate. Moreover, very short pulsewidth
is needed for high-speed OTDM systems to avoid the cross talks between the channels. The
influence of wavelength conversion for optical communication system is significant as it was
mentioned earlier. Wavelength conversion of RZ-DPSK signal can have the great inspiration
for the future photonic networks as RZ-DPSK signal is considered as a promising modulation
format. The importance of the wavelength conversion of RZ-DPSK signal can be realized in that
way: let us consider an RZ-DPSK signal with the wavelength of 1, which will be transmitted
from one OTDM system to another. However, if the wavelength 1 is not suitable for the entering
OTDM system, the wavelength needs to be changed to the suitable wavelength for the system,
for example 2. Therefore 1 should be converted to 2. On the other hand, the RZ-DPSK sig-
nal is considered as a noble candidate for OTDM systems due to its narrower pulsewidth and
in OTDM system, the required pulsewidth is determined by its bitrate. Therefore, pulsewidth
tunability for the RZ-DPSK signal could be an attractive feature for OTDM technology. Hence,
the combination of wavelength conversion and pulsewidth tunability for RZ-DPSK signal might
be considered as a hopeful technique for future photonic networks. Moreover, suppose, if two
OTDM systems are needed to transfer data between each other but have dierent wavelength
ports and bitrates, then only wavelength conversion is not sucient and pulsewidth of the wave-
length converted RZ-DPSK signal is also needed to be tuned according to the bitrates. As an
example, suppose an RZ-DPSK signal is required to be transmitted from one 160 Gb/s OTDM
network to another 320 Gb/s OTDM network. Thus, for instance, the pulsewidth 2.5 ps for 160
Gb/s OTDM networks should be changed to around 0.63 ps to cope with 640 Gb/s network.
The wavelength conversion of RZ-DPSK signal have already been demonstrated in some works.
However, the pulsewidth tunability of the wavelength converted RZ-DPSK signal was not possi-
ble in these experiments.
In this study, the characteristics of wavelength conversion of RZ-DPSK signal is demonstrated
for the first time, where, the pulsewidth of the converted signal is tuned in a wider operating
range. The wavelength conversion is achieved with the FWM eect in highly-nonlinear fiber
(HNLF) and the pulsewidth tunable operation is demonstrated using a Raman amplifier (RA)-
based pulse compressor. In the experiment, an RZ clock is employed as a pump signal for the
wavelength conversion pulsewidth tunable operation. By changing the Raman pump power of the
RA-based pulse compressor, the pulsewidth of the pump signal is tuned, resulted the pulsewidth
tunability of the wavelength converted signal from 10 to 3 ps, since the pulsewidth of the wave-
length converted signal follows the shorter pulsewidth of pump or probe signal in FWM switch.
The pulse pedestals [18] produced in pulse compressor are eliminated owing to the input-output
characteristics of FWM process of the wavelength converter [19]. The pedestal free waveforms
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are very important for high bit-rate OTDM systems to avoid the bit-overlapping between the
neighboring pulses. Moreover, the measured traces of the waveforms are fitted by sech2 fitting,
the obtained optical spectra, eye diagrams, and the bit-error-rate (BER) characteristics show
good quality wavelength conversion with pulsewidth tunability.
5.2 Operation Principle and Experimental Setup
Wavelength Converted 
      RZ-DPSK signal
     (duration-tuned)
 Compressed RZ clock
 ( Pulsewidth Tunable)
RZ-DPSK signal
??
??
Fiber-based
FWM switch
Wavelength conversion
      of RZ-DPSK sginal
???????
      RA-based 
    compressor
??
RZ clock
Figure 5.1 Scheme of wavelength conversion of RZ-DPSK signal.
The schematic diagram of the wavelength converter is shown in Fig. 5.1. It is contained of
an RA-based pulse compressor and a fiber-based FWM switch. The switch acts as an AND gate.
The pulsewidth of the RZ clock is compressed and tuned in the RA-based pulse compressor.
The compressed and duration-tuned RZ clock and the input RZ-DPSK signal are nonlinearly
interacted inside the fiber-based FWM switch to produce new wavelength converted RZ-DPSK
signals. In this scheme, the pulsewidth of the wavelength converted RZ-DPSK signal is tuned
owing to the pulsewidth tunability of the RZ clock. The pulse pedestals of the converted signal
are generated in the compressor, however these pulse pedestals are eliminated due to the property
of FWM switch as PFWM is proportional to the square of Ppump, shown in the Eq. 4.1 of chapter
4 [20]. where PFWM and Ppump are the powers of the newly generated FWM signal and the
pump, respectively.
The experimental setup for the wavelength conversion of RZ-DPSK signal is shown in Fig.
5.2. Two external cavity laser-diodes (ECL) and an electro-absorption modulator (EAM) are
used to generate two 10 GHz RZ clocks at the wavelengths of 1552.52 and 1558.17 nms. The
RZ clock at the wavelength of 1552.52 nm acts as the pump signal and the wavelength is chosen
to match the zero-dispersion wavelength of the HNLF for the ecient nonlinear eects. These
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Figure 5.2 Experimental setup for wavelength conversion of RZ-DPSK signal with pulsewidth
tunability.
two RZ clocks are sech2 shaped pulses of 20 ps. The following erbium-doped fiber amplifier
(EDFA) is employed at the output of the RZ clock generator for compensating the insertion loss
for the EAM. The subsequent arrayed waveguide grating (AWG) separates the two RZ clocks
with their wavelengths. The EDFA connected with one output port of the AWG is used to ad-
just the fundamental soliton power of the RZ clock at the wavelength of 1552.52 nm for the
RA-based pulse compressor. As the soliton power condition is very important for the adiabatic
pulse compression method [21], the average power for the input RZ clock is calculated by using
the equation 2.21 of chapter 2 and is set as 6.2 dBm. The fundamental soliton pulse of sech2
pulse (N = 1) has a peak power and can be calculated in the equation [19, 22]. The square of
the soliton pulse duration, FWHM is proportional to the chromatic dispersion D and inversely
proportional to the peak power, P1 of the optical pulse shown in Eq. 2.20 of chapter 2. There-
fore, the pulsewidth of the RZ clock can be compressed by decreasing the dispersion value,
which is not possible continuously in real deployment. Another way is by increasing the Ra-
man pump power since the soliton condition is maintained during the amplification, which is
feasible. The negative chirp of this RZ clock induced in EAM, is suppressed by using a tunable
dispersion-compensating module (TDCM) before it enters the RA-based pulse compressor and
after the TDCM, the pulsewidth of the RZ clock is 17 ps. The pulse compressor includes a 17
km dispersion-shifted fiber (DSF) and a wavelength-tunable Raman laser (TRL) for the Raman
pump in the counterpropagating direction using a WDM coupler. The DSF with its characteris-
tics is described in Table 4.1 of chapter 4. The wavelength of the TRL can be tuned in the range
between 1425 and 1495 nms. However, to achieve high quality compression, the wavelength of
the TRL is tuned to 1452 nm. Here the wavelength dierence of the Raman pump and RZ clock
is about 100 nm, where the Raman Stoke’s shift is about 13.2 THz. When the Raman pump
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power is increased, the pulsewidth of the RZ clock is compressed owing to the soliton condition
maintained in the DSF during amplification [21]. Thus, by changing the Raman pump power of
the compressor, the pulsewidth of the wavelength converted RZ-DPSK signal can be tuned since
the pulsewidths of the idler waves for FWM process follow the shortest pulsewidth of pump or
probe signals. The another RZ clock at a wavelength of 1558.17 nm is used to generate a 10
Gb/s RZ-DPSK signal with an intensity modulator (IM) and a pulse pattern generator (PPG).
The RZ-DPSK data is modulated by a pseudorandom bit sequence (PRBS) with a pattern length
of 231 1. The following EDFA is engaged to compensate the loss of the input RZ-DPSK signal
and the next OBPF is used for eliminating the out-of-band ASE noise of the EDFA as the same
function of the previous OBPF. The duration tuned RZ clock and the input RZ-DPSK signal is
coupled by a 3-dB coupler before entering to the fiber-based FWM switch. In the FWM switch,
a 500 km long HNLF is used for the FWM process for the wavelength conversion of the input
RZ-DPSK signal where the RZ clock is employed as a pump. The HNLF with its characteristics
were described in Table 4.2 of chapter 4. The function of the optical delay line (DL) is for the
time synchronization between the RZ clock and the input RZ-DPSK signal for the ecient FWM
eect. The polarization controllers (PCs) are employed to set the related states of polarization
of the pump and data signals. The wavelength converted RZ-DPSK signal at the wavelength of
1546.87 nm is filtered by two cascaded OBPFs and then amplified by an EDFA with another
OBPF.
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Figure 5.3 FWM spectrum of input RZ-DPSK and wavelength converted RZ-DPSK signals.
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Table 5.1 Experimental RZ clock pulsewidths for the dierent Raman pump powers.
Raman pump power RZ clock output pulsewidth
0.85 W 3.5 ps
0.72 W 6.8 ps
0.60 W 9.1 ps
0.48 W 10.2 ps
5.3 Experimental Results and Discussions
Figure 5.3 shows the FWM spectra for the case of the wavelength converted signal with 3 ps
pulsewidth. The signal at the wavelength of 1546.87 nm is generated from the input RZ-DPSK
signal at the wavelength of 1558.17 nm owing to the FWM eect induced by the RZ clock at the
wavelength of 1552.52 nm. As seen in Fig. 5.3, a good shaped wavelength converted signal is
generated, because the RZ clock is potential for signal-reshaping in FWM eects. By changing
the Raman pump power from 0.48 to 0.85 W, the pulsewidth of the RZ clock is tuned and the
tunable pulsewidths of the RZ clock for the dierent Raman pump powers are shown in Table
5.1.
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Figure 5.4 Raman pump power dependency of the wavelength converted RZ-DPSK signal
with various controlled pulsewidths.
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Figure 5.5 Autocorrelation trace of wavelength converted RZ-DPSK signal with 10 ps
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83
5.3. EXPERIMENTAL RESULTS AND DISCUSSIONS
(a) converted 10 ps RZ-DPSK signal (c) converted 3 ps RZ-DPSK signal
(b) converted demodulated 10 ps RZ-DPSK signal (d) converted demodulated 3 ps RZ-DPSK signal
50 ps/div.
Figure 5.7 Eye diagrams of wavelength converted modulated and demodulated RZ-DPSK sig-
nals with the pulsewidths of 10 and 3 ps.
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Figure 5.8 BER characteristics input RZ-DPSK, and wavelength converted RZ-DPSK signals
with the pulsewidths of 10 and 3 ps.
Comparing the data of Table 5.1 with the Table 2.4 in chapter 2, it is shown that the ex-
perimental pulsewidths are larger than the expected pulsewidths owing to the attenuation of
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soliton in fiber [23] and dispersion for Raman pulse compressor which are responsible for the
pulse broadening. However, due to the FWM process for the wavelength conversion, the wave-
length converted RZ-DPSK data is further compressed in the fiber based FWM switch [19]. By
changing the pulsewidth of the RZ clock, the wavelength converted RZ-DPSK signal is tuned
continuously from 10 to 3 ps as a function of Raman pump power and is shown in Fig. 5.4.
It should be mentioned that, the waveform is severely distorted when Raman pump power was
larger than 1 W due to the fluctuation from the adiabatic condition inside the compressor. An
autocorrelator is employed to observe the quality and to measure the accurate short-pulsewidth
of the converted signal. The autocorrelation traces of the wavelength converted signals with 10
and 3 ps are shown in and Figs. 5.5 and 5.6, respectively. For both cases, the pulse waveforms
are well matched, fitted by sech2 and the pulse pedestal components [18] are suppressed ow-
ing to the input-output features of FWM process resulted to the extinction ratio improvement
[19]. Due to the quadratic dependence of the converted RZ-DPSK data on the power of the
pump shown in Eq. 7.1, the extinction ratio of the signal is improved. The pedestal free short
pulsewidths are very important for OTDM systems to avoid the bit-overlapping conditions be-
tween the neighboring pulses in OTDM systems. The wavelength converted RZ-DPSK signal
with various pulsewidth is measured with a 30 GHz-bandwidth sampling oscilloscope. The eye
diagrams of the wavelength converted modulated and demodulated RZ-DPSK signals with 10
and 3 ps pulsewidths are shown in Fig. 5.7. The actual pulsewidths of the signal can not be
measured from the oscilloscope due to the limited bandwidth of the oscilloscope with 30 GHz.
However, for both converted modulated and demodulated signals, clear and opening eye dia-
grams are observed. On the other hand, the actual pulsewidths of the signal is measured with
the autocorrelator shown in and Figs. 5.5 and 5.6. Figure 5.8 shows the BER characteristics of
the input RZ-DPSK and wavelength converted RZ-DPSK signals with 10 and 3 ps pulsewidths.
Error free operations are achieved for both 10 and 3 ps wavelength converted signals with less
than 2 dB power penalties compared with the input RZ-DPSK signal at BER = 10 9. Power
penalties of wavelength converted signals are due to the nonlinear process FWM [8, 24]. How-
ever, in Ref. [8], the power penalty was only 0.56 dB, whereas less than 2 dB power penalty
is obtained in the proposed scheme. The more power penalty is not only for the FWM process,
but also for the RA-based pulse compressor [18]. However, the error free operations of the BER
characteristics prove that our scheme is suitable for wavelength conversion with wide range of
pulsewidth tunability. In addition, tunable wavelength conversion in a wider operating range is
eective for wavelength routing and switching [25]. Though, in this thesis, tunable wavelength
conversion is not investigated, it can be achieved by proper tuning the wavelength of the input
RZ-DPSK signal. The pump wavelength may be the fixed as zero dispersion wavelength, how-
ever, the tunable wavelength conversion can be done by changing the wavelength of the input
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RZ-DPSK signal in an optimum operating range. In this scheme, as the wavelength tunabil-
ity is not considered, two RZ clocks are generated with two fixed wavelengths. In the case of
wavelength tunability, one RZ clock, which is employed to produce RZ-DPSK signal, should be
generated from a tunable laser source. For the phase modulated signals like DPSK signal, the
the FWM generated idler wave near the pump wavelength should be chosen to investigate rather
than the idler wave near the input signal to preserve the accurate phase information. In our pro-
posed scheme, the pump-wavelength is 1552.52 nm, on the other hand, the signal-wavelength
is 1558.17 nm. Therefore, the the wavelength of the converted signal is 1546.87 nm. As an
example, if the wavelength of the input signal is tuned to 1546.84 nm, the wavelength converted
signal will be 1558.17 nm considering the pump-wavelength is fixed at 1552.52 nm. Thus, in
that way, the wavelength tunability can be achieved for the wavelength converted signal. On the
other hand, polarization-insensitive wavelength conversion of RZ-DPSK signal with pulsewidth
tunability seems more attractive as polarization-insensitivity is a vital issue in high-speed OTDM
systems. This idea may be possible with the proposed experimental setup adding polarization
diversity scheme, which will include the wavelength converter.
5.4 Summary
We experimentally demonstrate all-optical wavelength conversion of RZ-DPSK signal with short
pulsewidth tunable operation by the combination of RA-based pulse compressor and fiber-based
FWM switch. By adjusting the Raman pump power, the pulsewidth of the wavelength converted
signal can be continuously tuned from 10 to 3 ps. In our scheme, the combination of wavelength
conversion for the RZ-DPSK signal and the pulsewidth tunability can promote the OTDM tech-
nology for the arbitrary bitrates and diverse conditions.
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Chapter 6
Conclusions and Prospective Future Works
In this thesis, the proposed detections are based on the pulsewidth tunability during the data
format and wavelength conversions. Interfacing between the dierent systems such as WDM
and OTDM systems need format and wavelength conversions between dierent signals. The
format and wavelength conversions are the key techniques for coping with dierent systems
and situations which are discussed in chapter 1. The nonlinear eects of semiconductor opti-
cal amplifier (SOA) and the highly-nonlinear fibers (HNLF) are employed in this thesis for the
format and wavelength conversions. In addition, pulsewidth management is a very vital factor
to manage with dierent situations as the nonlinear and dispersion tolerance mainly depend on
the pulsewidth of the signal and in OTDM systems with dierent bit-rate, the pulsewidths are
also needed to be optimized according to the bit-rate. The delay line (DL) inside the SOA-based
switch and the Raman amplifier (RA)-based pulse compressor are used for tuning the pulsewidth.
On the other hand, wavelength-shift free operation is also attractive when the desired wavelength
of the converted signal should be maintained as the input signal-wavelength during the format
conversion. The chapter 2 describes the basics of optical eects, SOA-based switch and RA-
based pulse compressor.
This chapter concludes the research work based on the pulsewidth tunable operations during
the format and wavelength conversions of dierent modulated signals which are widely used in
photonic networks and the prospective future works are also included. Firstly the several inves-
tigations on pulsewidth tunability during the format and wavelength conversion are described.
Secondly, the potential future works is presented to continue the research work based on the
tunability of the pulsewidth of the signals.
All-optical non-return-to-zero dierential phase shift keying (NRZ-DPSK) to return-to-zero
dierential phase shift keying (RZ-DPSK) format conversion with wavelength-shift-free opera-
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tions is described where the pulsewidth of the converted RZ-DPSK signal can be tuned within
wider operating range. The significance of the finding is not only for connecting between future
photonic networks, but also to cope with dierent situations and for dierent speed networks.
As the networks are becoming larger, the repeater is an important device for the longer trans-
mission system. All optical wavelength-shift-free operation is very desirable for the long haul
subsystems. Therefore, the wavelength-shift-free operation would play a significant role for fu-
ture photonic networks. By using a SOA-based switch, the NRZ-DPSK to RZ-DPSK conversion
with pulsewidth tunability is demonstrated in the first proposed detection. In this scheme, the
wavelength of the converted RZ-DPSK signal remains as the same wavelength of the input NRZ-
DPSK signal. An NRZ-DPSK signal is injected into the SOA-based switch and is converted to
RZ-DPSK signal because of the nonlinear eects caused by the RZ clock inside the SOA. The
pulsewidth of the converted RZ-DPSK signal is tuned from 30 to 60 ps. The format conver-
sion is based on cross-phase modulation (XPM) and cross-gain modulation (XGM) eects in the
SOA caused by the RZ clock and by changing the optical delay line (DL), the pulsewidth of the
converted signal is changed.
It was mentioned earlier that format conversion is needed to establish the connections in
future photonic networks. The OTDM system is considered as a future favorable multiplex-
ing technique and the dierent networks have dierent bit-rates. In OTDM system, the needed
pulsewidth is selected by its bit-rate. Therefore, varied pulsewidths are needed for diverse bi-
trate in OTDM systems. On the other hand, in real deployment, the state of polarization (SOP)
of the signal is changed during its propagation through the transmission media. Because of the
rapid change of polarization of the signal, the polarization-insensitive operation is needed for
high-speed networks like OTDM systems. Therefore, polarization-insensitive operation during
format conversion could have a very potential prospect. Hence, combination of the pulsewidth
tunability and the polarization insensitive operation during the format conversion can promote
the future OTDM technology. We demonstrate polarization-insensitive NRZ-to-RZ conversion
with short-pulsewidth tunability using Raman amplifier (RA)-based pulse compressor and fiber
based diversity loop, where the polarization-insensitive operation is achieved due to the polariza-
tion diversity loop. On the other hand, by changing the Raman pump power, the pulsewidth of
the RZ clock is changed. Hence, the pulsewidth of the converted RZ signal is tuned from 10 to
2 ps by changing the Raman pump power. From the 10 Gb/s NRZ data, the converted RZ signal
with 2 ps is achieved which is suitable for the time slot of 160 Gb/s OTDM systems.
Recently, RZ-DPSK signal is considered as a promising candidate for future photonic net-
works as it is potential for multiplexing in OTDM systems because of its narrower pulsewidth
and great influences. On the other hand, wavelength conversion is considered as an attractive
technique for the future photonic networks to optimize the network performance. The wave-
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length conversion of RZ-DPSK signal with pulsewidth tunability using a HNLF-based FWM
switch and a RA-based ultra-short pulse compressor is demonstrated in third proposed findings.
Because of the FWM eect in HNLF, the wavelength of the input RZ-DPSK signal is converted
to new wavelengths and the pulsewidth of the wavelength converted RZ-DPSK signal is tuned
from 10 to 3 ps using the ultra-short pulse source based on RA-based compression.
By using the RA-based pulse compressor, the pulsewidth is tuned with the change of Raman
pump power. However, Raman laser dynamics have important eect for the tuning speed of
pulsewidths. Raman gain takes some times to be stable and the length of the fiber is an important
factor in that case. On the other hand, for the SOA-based switch, the pulsewidth tuning speed
depends on the mechanical characteristics of DL. In that case millisecond range of tuning speed
may be possible to achieve.
In addition to the research works done in this thesis, some studies can be performed in future
by increasing the number of channels for format and wavelength conversions with pulsewidth
tunability. In practical deployment, huge data are transferred all over the world and are increasing
continuously. Therefore, the multichannel operations are implemented in realistic situations.
The proposed three detections are based on single channel operation, thus, the future plan is to
perform the multichannel operations on these proposals.
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Acronyms
AM amplitude modulated
ASE amplified spontaneous emission
AWG arrayed waveguide grating
BER bit-error rate
BERT BER tester
BPD balanced-photodiode
CATV cable television
CDPF comb-like dispersion profiled fiber
CSO composite-second order
CTB composite-triple bit
CW continuous wave
DCF dispersion compensating fiber
DDF dispersion decreasing fiber
DEMOD demodulator
DEMUX demultiplexing
DFB distributed-feedback
DFG dierence frequency generation
DI delay interferomter
DL delay line
DPSK dierential phase shift keying
DRA distributed Raman amplifier
DSF dispersion shifted fiber
EAM electro-absorption modulator
ECL external cavity laser diode
EDFA Erbium-doped fiber amplifier
FDM frequency division multiplexing
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FTTX fiber-to-the-x
FWHM full width at half maximum
FWM four wave mixing
GVD group-velocity dispersion
HNLF highly nonlinear fiber
IM intensity modulator
ISI intersymbol interference
LAN local area network
LNM LiNbO3 modulator
MAN metropolitan area network
MZ-DI Mach-Zehnder delay interferometer
MUX multiplexer
NRZ nonreturn-to-zero
O-E-O optical-electronic-optical
OOK on-o-keying
OSNR optical-signal-to-noise ratio
OTDM optical time division multiplexing
PC polarization controller
PPG pulse pattern generator
PPLN periodically poled lithium-niobate
PRBS pseudorandom bit sequence
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QAM quadrature amplitude modulation
RA Raman amplifier
RZ return-to-zero
SBS stimulated Brillouin scattering
SDPF step-like dispersion profiled fiber
SLALOM semiconductor laser amplifier in a loop mirror
SOA semiconductor optical amplifier
SOP state of polarization
SPM self-phase modulation
SRS stimulated Raman scattering
TDCM tunable dispersion compensation module
TOAD terahertz asymmetric demulitiplexers
TRL Tunable Raman laser
WAN wide area network
WDM wavelength division multiplexing
XGM cross-gain modulation
XPM cross-phase modulation
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